Ultrasonic application as a potential alternative to tempering in dark chocolate manufacturing by Rosales, Eliana
i 
 
 
 
 
 
ULTRASONIC APPLICATION AS A POTENTIAL ALTERNATIVE TO TEMPERING IN DARK CHOCOLATE 
MANUFACTURING 
 
 
 
 
 
BY 
 
ELIANA ROSALES 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Food Science and Human Nutrition 
with a concentration in Food Science 
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2014 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee:  
 
Associate Professor Hao Feng, Chair  
Professor Nicki J. Engeseth, Director of Research  
Professor Keith R. Cadwallader 
Professor Shelly J. Schmidt  
ii 
 
Abstract 
In chocolate manufacturing tempering is crucial; tempering encourages the formation of the 
appropriate polymorphic form in cocoa butter (Form V) which influences important physical 
and functional characteristics such as color, texture, gloss and shelf life. Highly sophisticated 
machinery has been developed to optimize this key process; however conventional systems are 
still disadvantageous due its high demands of energy, time and space. Chocolate manufacturing 
industry is continuously trying to improve existing production processes or invent new methods 
for manufacturing high quality chocolate to improve energy and time efficiency.  
Ultrasonication technologies have become an efficient tool for large scale commercial 
applications, such as defoaming, emulsification, extrusion, extraction, waste treatment among 
others. It also, has been demonstrated that sonication influences crystallization in various lipid 
sources and could be employed to achieve specific polymorphic conformations. The hypothesis 
of this research was that sonocrystallization will favor formation of polymorph V, yielding 
similar quality characteristics to traditional tempered chocolate. The objective was to explore 
the effects of ultrasound application in dark chocolate formulation and its effects on 
crystallization using instrumental and sensorial methods. Dark chocolate was formulated, 
conched, and either tempered or sonicated. Ultrasonication (20 kHz) was applied (for times 
ranging from 3-20 seconds) after conching, followed by molding. Samples were compared to 
chocolate molded after conching and chocolate that was traditionally tempered and molded. 
Cycling experiments were conducted. Instrumental methods included texture analysis (TA-XT2), 
color (Minolta Chromameter), melting characteristics (DSC), polymorph characterization (XRD), 
and analysis and identification of fatty acid methyl esters (GC) and aroma extracts (GCO, GC-
MS). Quantitative Descriptive Analysis (QDA) methodology was used to create sensory profiles. 
Results indicated that ultrasound application has a significant effect on crystallization 
properties of dark chocolate and under optimal conditions could be utilized to achieve an 
appropriate polymorphic conformation (Form V). Different sonication exposure times resulted 
in different melting profiles and different polymorphs indicating certain timing strategies were 
optimal (6 s and 9 s). QDA results indicated that sonication achieved a comparable sensory 
profile to tempered chocolate. The presence of a “metallic” attribute was reported by panelists 
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only in over-sonication samples. There was no significant modification of fatty acid composition 
as a result of over-sonication (20 s). Forty four odor-active compounds were identified by GCO 
and GC-MS and no differentiated off-flavor was identified. Overall, ultrasound technology can 
be useful for minimal processing of chocolate and could result in a reduction of the total 
manufacturing time, higher throughput and even lower energy expenses.    
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Chapter 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter gives an introduction to the project background and then lays out the details and 
overall content of this dissertation. 
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1 Chapter 1: Introduction 
Bloom formation is the main cause of quality loss in the chocolate industry (Ziegleder and 
others 1996). Chocolate sales total nearly $7.08 billion in the US (Information Resources Inc. 
2010). Market loss due to fat bloom is difficult to verify, since these changes arise many 
months after processing and often occur many steps down the distribution chain. In order to 
reduce this problem and produce high quality chocolate with its desirable gloss and snap, it is 
essential to subject the chocolate mass to the process of tempering. Tempering is often 
employed to achieve high quality chocolate and avoid fat bloom, but is energy and time 
intensive. Optimal tempering dictates the type of crystal network formed by the constituent 
lipid during crystallization. In chocolate manufacturing, tempering is crucial; influencing 
important physical and functional characteristics such as color, texture, gloss and shelf life. The 
process consists of cooling the chocolate under continuous shear to produce a sufficient 
number of stable lipid seed crystals and distribute these throughout the liquid chocolate mass 
(Hachiya and others 1989). 
Highly sophisticated machinery has been developed given the high demand of chocolate; the 
chocolate manufacturing industry is continuously trying to improve existing production 
processes or invent new methods for manufacturing. Requirements for heating/cooling 
systems consume significant time and space, thus, are disadvantageous in the conventional 
process.  
Ultrasonication is becoming mainstream with time, for various applications. For example, 
large-scale equipment is available for the application of power ultrasound in a wide variety of 
industries (Ruecroft and others 2005). These applications have been implemented with great 
success. Patist and others (2008) summarized the payback (defined here as investment cost 
over benefit) obtained by food industries who implemented ultrasound in processes such as 
defoaming, emulsification, extrusion, extraction and waste treatment. Maximum payback, i.e., 
time to recoup initial investment and see benefit, was less than one year. Therefore, the 
addition of ultrasound technology can bring commercially attractive advantages and outcomes 
for the chocolate industry. Ultrasonic processing has been applied to various lipid sources 
(Higaki and others 2001; Ueno and others 2003; Martini and others 2008; Suzuki and others 
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2010) and demostraded to provide a constant, stable and reproducible means of controlling 
lipid crystallization. Demonstration of its effectiveness with cocoa butter (Higaki and others 
2001) led us to hypothesize that sonocrystallization would favor formation of polymorph V; 
yielding similar quality characteristics to traditional tempered chocolate. This is also expected 
to lead to enhanced storage stability. 
Utilization of ultrasonic technology has the potential to greatly benefit the chocolate industry. 
It would offer a time/energy saving alternative to obtain high quality chocolate without 
tempering, thereby delivering commercially attractive advantages and outcomes for the 
chocolate industry. However, finding the optimal conditions to achieve appropriate chocolate 
characteristics is not enough; it is crucial to understand the implications of overexposure and 
underexposure of sonication in the chocolate matrix; specifically its effects on polymorphic 
conformation and flavor impact.  
The project aims to address two issues of technological significance: 
Issue 1: The use of ultrasonication to produce acceptable chocolate. The overall questions to 
be addressed in this area are: 
 What are the structural changes resulting from the application of ultrasound to the 
chocolate matrix? 
 What are the possible mechanisms? 
 What is the most appropriate equipment to deliver ultrasonic waves to the chocolate 
matrix? 
 What are the optimal parameters for ultrasonic processing for production of 
acceptable chocolate? Within this context it is important to understand physical and 
chemical changes occurring upon overexposure and underexposure of ultrasonication.  
Issue 2: Ultrasonication as an alternative to tempering.  
 Could ultrasonication achieve comparable textural and flavor attributes to those of 
tempering?  
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1.1 Dissertation outline 
This dissertation contains six additional chapters. 
Chapter 2 includes the background processing theory relevant to this work. Details of 
polymorphism and crystallization concepts and industrial processes vital to the production of 
chocolate are explained.  
Chapter 3 includes details of tests carried out to assess impact of ultrasound application on the 
chocolate mixture and to assess the impact on formation of the optimal polymorphic form (V). 
Optimization of experimental conditions is also described. 
Chapter 4 is a detailed description of the effect of ultrasound application on crystallization, 
texture, color of dark chocolate, determined instrumentally.  
Chapter 5 is a presentation of the Quantitative Descriptive Analysis (QDA), utilized to describe 
the sensory characteristics of sonicated chocolate samples. Comparisons of sensory attributes 
among sonicated, tempered and non-sonicated/non-tempered samples are made. 
Chapter 6 is an evaluation of potential sonodegradation of aroma components during 
ultrasonic processing.   
Chapter 7 summarizes the overall results of this research and implications of the findings for 
chocolate manufacturing.  
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Chapter 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter gives insight into the background of chocolate manufacturing, the key ingredients 
and processes, and background information on techniques to be used in the following chapters.  
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2 Chapter 2: Literature Review 
2.1 Chocolate 
Eating chocolate constitutes a unique experience because it is solid at room temperature, but 
melts easily within the mouth. This cooling sensation and flavor release added to the 
sweetness of modern chocolate contributes to chocolate’s popularity (Beckett, 2000). 
Chocolate is obtained by a manufacturing process that utilizes cocoa butter, cocoa solids, 
sugar, lecithin, and in the case of milk chocolate, milk fat and milk solids. These ingredients are 
combined and undergo heating and cooling to produce this enjoyable treat. The composition 
of most common chocolate bars available in the US market is shown in Figure 2.1 and 
described in Table 2.1. 
 
Figure 2.1 Composition of milk chocolate using confocal laser microscopy 
(a) fat (blue), (b) protein (light green), (c) cocoa solids (red) and (d) sugar crystals 
(unstained/dark green); scale bar, 10 µm (Auty and others 2001) 
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Table 2.1 Standard chocolate composition in the United States 
Product Chocolate Liquor Milk Solids Sugar Cocoa Butter Milk Fat 
aDark Chocolate ≥ 35% < 12% 
   
Milk Chocolate ≥ 10% ≥ 12% 
   
Sweet Chocolate ≥ 15% < 12% 
   
White Chocolate 
 
≥ 14% ≤ 55% ≥ 20% ≥ 3.5% 
a Also known as semisweet or bittersweet chocolate (21 Code of Federal Regulations 2010) 
2.2 Standard of identity of chocolate in United States 
The Food and Drug Administration (FDA) regulates the naming and ingredients of cocoa 
products. According the Title 21 of the Code of Federal Regulations (2010), chocolate products 
must contain cocoa bean materials, which may be combined with milk products, sugars and/or 
sweeteners and milk products. More specifically, dark chocolate must contain at least 35% 
chocolate liquor, of which not less than 18% shall be cocoa butter and not less than 14% fat-
free cocoa solids and a maximum of 12% milk solids. Milk chocolate must contain a minimum 
of 10% chocolate liquor, 12% milk solids and ≥ 3.39% milk fat; while white chocolate must 
contain a minimum of 14% milk solids and lacks chocolate liquor. 
2.3 Origins of chocolate 
Chocolate consumption dates back to ancient Aztec and Mayan civilizations 600 A.D. (Beckett 
2000). The Inca civilization from Peru was also known to have had cocoa plantations at the 
time when the Europeans discovered America. 
Cocoa beans were highly valued and they were used as currency. Cocoa beans were also 
processed for consumption (Whymper 1912). Aztecs prepared an astringent, hot, thick, fatty 
and spicy unpleasant drink called ‘chocolatl’ which had stimulant and restorative properties. It 
was reserved for warriors, nobility and priests. The Aztec Emperor Montezuma supposedly 
drank 50 jars of this drink daily. 
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Cocoa was brought to Spain in the 16th century after Don Cortez conquered Mexico and it was 
still consumed as a drink; however Europeans added sugar to the ‘chocolatl’ drink to decrease 
bitterness, and they removed the chili pepper and replaced it with vanilla (Nelson and others 
1999; Beckett and others 2000). In the early 1800s, Cailler opened the first Swiss chocolate 
factory and the pioneer Johannes van Houten patented methods for extracting cocoa butter 
from cocoa beans to make cocoa powder. Later, he also developed a process to remove the 
bitter taste by treating chocolate with alkali. In the late 1875, Daniel Peter added milk as an 
ingredient creating a new product, milk chocolate. Henri Nestlé improved this invention by 
removing water from the milk.  In 1879, Rudolph Lindt invented the process called conching, 
which involves heating and grinding the chocolate which also enable the addition of extra 
cocoa butter to achieve a creamier, smoother chocolate. 
2.4 Chocolate manufacturing  
For this literature review, chocolate manufacturing (Figure 2.2) is divided in two stages: 
a) Cocoa bean processing  
b) Chocolate production 
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Figure 2.2 General chocolate manufacturing  
(Chocolate Manufacturers Association 2006) 
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 Cocoa bean processing  2.4.1
Chocolate is made from cocoa beans which are the dried and partially fermented seeds of the 
tropical Theobroma cocoa tree also known as cocoa tree. The typical processing flow from 
cocoa beans to cocoa liquor is shown on Figure 2.3. 
 
Figure 2.3 General cocoa bean processing  
(Adapted from Deltatech Processing Machinery 2014) 
2.4.1.1 Cocoa pod 
Fruit from the Theobroma cocoa tree is filled with a sweet white mucilaginous pulp (Kealey 
and others 2003). It encloses up to fifty almond-sized seeds (cocoa beans) that are used to 
make cocoa powder, cocoa butter, chocolate liquor and therefore chocolate.  
2.4.1.2 Fermentation of the beans 
To remove the white pulp that contains the seeds, the pulp is fermented 5-6 days; sugars are 
converted to alcohol by bacteria and yeast. Yeasts dominate the first phase of fermentation 
and during the first 24-36 hours, anaerobic fermentation takes place until fluid loss due to 
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‘sweating’ and a gradual pH increase eventually inhibits yeast proliferation. As the oxygen 
content increases, lactic acid bacteria begin to convert ethyl alcohol to acetic acid.  Enzymatic 
reactions involving amino acid decarboxylase, amylase, lipase, pectin esterase, peroxidase, 
polygalacturonase, polyphenol oxidase, phosphatase, and invertase, give rise to flavor 
precursors during anaerobic fermentation. Polyphenol oxidase converts polyphenols to 
quinones, decreasing astringency. Anythocyanins are hydrolyzed by glycosidases to form 
reducing sugars and cyanidin (Zak and others 1988). This is followed by drying to reduce the 
moisture content from 60% to 7%. Fermented cocoa beans are further processed to produce 
chocolate liquor, while unfermented beans are processed into cocoa butter (Kealey and others 
2003).  
2.4.1.3 Bean cleaning 
Following fermentation, selected beans are cleaned before further processing (Kealey and 
others 2003). Conventional cleaning machines have limited separation capabilities and can 
easily fracture the beans, which may cause problems during roasting and winnowing. 
2.4.1.4 Roasting 
The beans are roasted at 120°C to 150°C for 100 to 115 minutes, during which water and acids 
are removed, leaving the flavor greatly changed (Kealey and others 2003). During roasting the 
moisture content of the bean is reduced to approximately 2% and the shell is loosened for 
winnowing. 
2.4.1.5 Winnowing 
Following roasting the beans are winnowed, during which the shells are removed from the 
nibs. Nibs are cocoa beans with the husks removed and broken into small pieces (Kealey and 
others 2003). Pretreatments such as infrared heating or thermal shock may be used to aid in 
separation, which is dependent upon density differences of the shell and nib. 
2.4.1.6 Cocoa liquor formation 
Next, nibs are ground in two steps to form cocoa liquor, which characteristically contains 53% 
fat, 14% protein, is at pH 5.2 to 5.4, and 1.5% maximum moisture content (Beckett 1989). The 
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first grinding process forms a paste and the second achieves the desired particle size. Cocoa 
liquor may be further processed to make cocoa butter and cocoa powder or mixed with sugar 
and cocoa butter to form chocolate. Cocoa powder may be alkalized to modify the color and 
flavor of the particles to the desired characteristics (Kealey and others 2003). 
 Chocolate production 2.4.2
2.4.2.1 Grinding and conching  
In this stage, chocolate liquor is mixed with cocoa butter and sugar to create a chocolate bar. 
The first step focuses in the reduction of particle size of sugar and cocoa solids to at least 18 
microns. Conching is the process of keeping chocolate at 54°C for 72 to 96 hours in a granite 
surface with agitation that acts as a polisher. During this process moisture reduces and the 
flavor of the chocolate mixture is mellowed and remaining bitterness caused by acetic, 
propionic and butyric acids are removed (Kealey and others 2003). Particle size has a great 
impact on the sensory properties of chocolate; if particles are too large (> 30 µm), chocolate is 
perceived as “gritty”. 
 
 
Figure 2.4 Schematic diagram of the traditional chocolate making process  
(Adapted from Beckett 1999) 
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At the end of this process, lecithin is added to stabilize the dispersion of sugar molecules 
(hydrophilic) into cocoa butter (hydrophobic) (Roth 2005).The sugar molecule is bound to 
polar head of lecithin as the hydrophobic tail that interacts with cocoa butter (Figure 2.5).  
 
Figure 2.5 Hydrophilic and hydrophobic interactions in chocolate 
Hydrophilic residues in red, hydrophobic residues in blue (Roth 2005) 
2.4.2.2 Tempering  
The last critical step is proper tempering, which includes cooling to 26-27°C for seed crystal 
formation and to induce nucleation of the chocolate, followed by heating to 31-32°C to 
promote transformation to a stable crystalline structure; thus preventing fat bloom (Hartel 
2001). This is essential to provide shelf stable chocolate that is not visually compromised. The 
industrial tempering processing will be explained in more detail later in this chapter. 
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2.4.2.3 Molding and cooling 
After tempering, chocolate is cooled and poured into molds. The air temperature used in 
commercial cooling tunnels during chocolate manufacturing is usually 10 to 15°C (Beckett, 
2008). The time required for cooling and solidification depends on the rate of heat transfer 
from the chocolate product to the air, which in turn depends on the temperature and flow rate 
of the cooling air (Nelson and others 1999). A short cooling process and low air temperature 
could encourage transition to an undesired polymorphic form. Also, it could lead to moisture 
condensation on chocolate surface which could have negative consequences when de-
molding. 
2.5 Chemical and physical composition of chocolate 
Chocolate is a complex product, as it results from the emulsification of hydrophilic cocoa solids 
and sugar into a fat matrix (Ollivon 2004). It can also be described as a complex mixture of 
organic compounds since it contains more than 500 chemicals compounds shown in Table 2.3 
(Roth 2005). The majority of these compounds are responsible for the aroma of chocolate 
which will be discussed in more detail in Chapter 6. All these five hundred compounds are 
distributed in a fat matrix (cocoa butter) which represents 25-36 % of finished dark chocolate 
(Table 2.2). Cocoa butter is responsible for most of the physical sensory attributes of chocolate 
such as snap and smoothness. 
Table 2.2 Major constituents of dark, milk and white chocolate 
Products Carbohydrate (%) Fat (%) Protein (%) 
Dark chocolate 63.5 28 5 
Milk chocolate 56.9 30.7 7.7 
White chocolate 58.3 30.9 8 
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Table 2.3 Cocoa flavor: Substance classes  
Compound Type Quantity  
Hydrocarbons 49 
Alcohols 34 
Aldehydes 26 
Ketones 29 
Carboxylic Acid  62 
Esters 39 
Lactone 6 
Ether  4 
Sulfur-containing  23 
Phenol 9 
Furan 27 
Acetal  7 
Nitrile and Amide  7 
Amine  41 
Pyrrole  16 
Pyridine  16 
Pyrazine  94 
Oxazole  15 
Epoxide, Pyrone, Coumarine  6 
Other  16 
Total  526 
(Roth 2005) 
 Cocoa butter: structure and composition 2.5.1
Cocoa butter is a blend of triacylglycerols (TAGs), which result from the esterification of 
glycerol with three fatty acids. A typical TAG molecule is shown in Figure 2.6 (a) where R1, R2 
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and R3 represent the different fatty acids attached to the glycerol backbone (Sato and others 
2001). 
 
Figure 2.6 Triacylglycerol molecule 
(Sato and others 2001) 
Cocoa butter has a homogeneous TAG composition (Ollivon 2004). More than 80% of the total 
TAGs are symmetric and made of Palmitic (P) C16:0, Stearic (S) C18:0 and Oleic (O) C18:1 acids, 
which have similar chain lengths (Loisel and others 1998). A typical cocoa butter lipid 
composition is POS (36:6%), SOS (27:3%) and POP (17:0%). TAG molecules can pack with the 
fatty acid chains in one of two configurations, neither of which involves all the chains packing 
alongside each other. They can pack into a ‘chair’ configuration (Chapman 1962; Garti and Sato 
1988) where the acyl chain in the 2 position is alongside the chain on either the 1 or 3 
positions (Figure 2.7b). Alternatively, a ‘tuning fork’ configuration can be adopted where the 
acyl chain in the 2 position is alone and the chains in the 1 and 3 positions pack alongside each 
other (Figure 2.7a). 
 
 
Figure 2.7 Triacylglycerol molecules arranged in chain and tuning fork configuration 
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Both configurations naturally pack in a “chair-like” manner. The stacking of these can be either 
in a double (Figure 2.8a) or triple (Figure 2.8b) chain structure and these stack side by side in 
crystal planes, sometimes at an angle. 
 
 
 
 
Figure 2.8 Schematic representation of packing in “chair like” 
(a) double packing (b) triple packing (Sato and others 2001) 
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Figure 2.9 Subcell structures of the three most common polymorphs in triacylglycerols 
(Hernqvist 1988) 
Three basic polymorphs of TAG crystals are called α, hexagonal; β’ orthorhombic perpendicular 
and β triclinic parallel. The differences in the polymorphs are most apparent when analyzed by 
sub-cell structure as shown in Figure 2.9. These structures can be identified by X-ray diffraction 
patterns, where long spacings give information of the repeat distance between crystal planes 
(chain length packing) and the short spacings give information on subcell structure (interchain 
distances) (Hernqvist 1988). These interchain distances depend upon how the chains pack 
together and are complicated by the ‘zigzag’ arrangement of successive carbon atoms in the 
aliphatic chains (Hernqvist 1988). Closer packing is achieved when the zigzag of adjacent 
chains are in step with each other (parallel) as opposed to out of step (perpendicular).  
 Cocoa butter polymorphism 2.5.2
Polymorphism is defined as the ability of a substance to exist in more than one crystalline form 
under thermodynamically different conditions (Chapman 1962; Sato and others 1989). The 
most stable polymorph for a set of pressure and temperature is the one for which the Gibbs 
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free energy G defined by equation (Eq. 1) is minimal. The free energy (G) is determined by 
molar enthalpy (H), molar entropy (S) and temperature (T). 
G = H – T* S (Eq. 1) 
Determination of the various polymorphic forms of cocoa butter is one of the most 
controversial areas in confectionery science. There is not only inconsistency in the number of 
polymorphic forms but also in the nomenclature used to classify these forms. Table 2.4 shows 
the most common classification used for cocoa butter polymorphs by Talbot (1999).  
Table 2.4 Melting point and chain packing of the polymorphic forms of cocoa butter  
Polymorphic forms of cocoa butter Melting point °C Chain packing 
Form I (α) 
 
14-18 Double 
Form II (α) 
 
21-22 Double 
Form III (β’) 
 
25 Double 
Form IV (β’) 
 
27-29 Double 
Form V (β) 
 
32-34 Triple 
Form VI (β) 
 
36 Triple 
(Adapted from Talbot 1999) 
   X-ray diffraction is commonly used to identify polymorphic forms. For each polymorphic form 
to produce a different X-ray pattern there must be an underlying difference in structure. X-ray 
diffraction patterns are shown in Figures 2.10 and 2.11.  
Form I (α) is the most unstable polymorph and melts approximately between 14°C to 18°C and 
the XRD pattern shows a strong peak at 4.18 Å. 
Form II (α) melts approximately 22°C and the XRD pattern shows a strong peak at 4.20 Å. 
Form III (β’) is a polymorph thought to be the mixture of form II and IV and melts 
approximately 25°C. The XRD pattern shows a strong peak at 4.20 Å. It can be differentiated 
from form II by the long spacing diffraction pattern. 
Form IV (β’) melts approximately 27°C and the XRD pattern shows strong peaks at 4.13 Å and 
4.32 Å. 
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Form V (β) melts approximately 32°C and the XRD pattern shows a strong peak at 4.58 Å. It 
melts easily in the mouth and is therefore the preferred polymorph for maximum consumer 
satisfaction. The most common method to assure that form V of cocoa butter predominates 
during solidification of chocolate is tempering. 
Form VI (β) melts approximately 35°C and the XRD pattern shows a strong peak at 4.59 Å; its 
pattern differs from form V only by the lack of a mid-intensity peak at 3.75 Å. 
 
 
Figure 2.10 X-ray diffraction patterns of cocoa butter  
(Van Malssen and others 1999) 
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Figure 2.11  X-ray diffraction patterns of the polymorphic forms of cocoa butter 
Note that the 2θ angle range is in reverse order (Wille and Lutton 1966)  
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Table 2.5 Short spacing X-Ray diffraction data for cocoa butter 
Polymorph I II III IV V VI 
Short spacing 4.19 VS 4.24 VS 4.92 VW 4.35 VS 5.4 M 5.43 M 
 (Å) 3.7 S 
  
4.62 W 4.15 S 5.15 W 5.15 W 
     
4.25 VS 3.97 M 4.58 VS 4.59 VS 
     
3.86 S 3.81 M 4.23 VW 4.27 VW 
         
3.98 S 4.04 W 
         
3.87 M 3.86 M 
         
3.75 M 
  
         
3.67 W 3.7 S 
         3.39 VW 3.36 VW 
W=weak, M=medium, S=strong and V= very (Adapted from Wille and Lutton 1966)  
 Impact of polymorphism on sensory properties of chocolate   2.5.3
As mentioned before, the physical properties of chocolate are influenced by the polymorphism 
of cocoa butter (Schlichter-Aronhime and Garti 1988). Therefore, control of the molecular 
structure and polymorphic forms of this lipid is particularly important during chocolate 
manufacturing. Cocoa butter, 25-36% of finished dark chocolate, is responsible for the smooth 
texture, contraction, flavor release, and gloss of chocolate. It is a yellowish fat that shows 
brittleness below 20°C, begins softening at 30 to 32°C, and exhibits a sharp complete melting 
below body temperature. This quick meltdown in a narrow range of temperature results in a 
cool sensation, which is a much appreciated organoleptic feature.  
Although cocoa butter is tasteless, its melting behavior is not only responsible for mouthfeel 
but also for flavor release from cocoa powder, which is dispersed within the fat. Since fat 
constitutes the main phase of chocolate and binds together other ingredients, its physical 
properties will determine the acceptability and quality of chocolate. 
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 Techniques used for polymorph identification  2.5.4
Two analytical techniques are commonly used to study polymorphism: 
a) Differential Scanning Calorimetry (DSC) 
b)  X-Ray Diffraction 
2.5.4.1 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) is the method typically used to study thermal changes 
in foods. It has been used to study cocoa butter crystallization and melting, either pure or in 
chocolate (Dimick and Manning 1987). The principle of a power compensation DSC is that a 
reference pan (usually empty) and a pan containing the sample are kept at the same 
temperature during an isothermal or temperature ramp experiment. Two separate heaters 
(one for each pan) and an external cooling system (liquid nitrogen) are used to maintain the 
pans at the same temperature (Figure 2.12).  
During a temperature scan experiment without sample phase change, the difference in heat 
applied to the sample compared to the empty pan is the specific heat capacity of the material 
Cp (J x kg x °C-1), which can usually be considered constant over a small temperature range.  
When a phase change (crystallization, melting or glass transition) happens, the energy needed 
to maintain both samples at the same temperature is affected by the latent heat (∆H) of the 
phase change; this latent heat can therefore be measured by DSC.  
 
Figure 2.12 Layout of a differential scanning calorimeter 
(Evitherm 2014) 
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2.5.4.2 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) is an important tool for polymorph identification and molecular 
structure determination. X-ray powder diffraction is ideally used for characterization and 
identification of the extent of polycrystalline phases in mixed amorphous-crystalline systems. 
The powder XRD technique, which is important for application to most foods, allows the 
presence of even small crystalline regions to be identified in complex matrices since results are 
independent of the presence of amorphous or liquid regions. XRD has been the method of 
choice to study the polymorphism of cocoa butter and fats in general (Wille and Lutton 1966; 
Sato 2001). 
The principle of this technique involves impacting X-rays onto a single crystal or polycrystalline 
material and analyzing the diffraction patterns emitted. The emitted diffraction pattern acts 
like a fingerprint and enables characterization of specific polymorphic forms. If a 
monochromatic beam of X-rays, of wavelength λ (nm), under a variable incident angle θ (°), is 
applied on the parallel and uniformly spaced d (Å) plane of a crystal, this beam is diffracted in 
all directions. Figure 2.13 shows X-rays striking at an angle on planes; separated by distance d. 
X-rays are reflected (diffracted) at this same angle with these planes. Figure 2.13 illustrates the 
case where n = 1, which is referred to as the reflection of first order from the given planes. The 
value of the d-spacing depends on the shape of the unit cell. Bragg’s Law indicates that each 
unique d-spacing diffracts different wavelengths at their own unique diffraction angles 
(Alexander 1969). 
X-ray diffraction is measured by Bragg’s law: 
 sin2dn      
Where n is a positive whole number, λ is the X-ray wavelength, d = space between crystal 
planes, and θ is the angle of incidence. Short d spacings are used in the 2θ range of 16-30° to 
identify polymorphs. 
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Figure 2.13 Geometry of the Bragg reflection analogy  
(Alexander 1969) 
The wide angle X-ray patterns of the six polymorphic forms of cocoa butter are presented in 
Figure 2.11 (Wille and Lutton 1966). The main features of the pattern given by Form I are 
strong diffraction peaks at 2 θ angle of 21.18° (d = 4.19 Å) and 24.02° (d = 3.70 Å). For Form II, 
a single strong diffraction peak occurs at 20.93° (4.24 Å) while Form III shows diffraction peaks 
at 20.9° (4.24 Å), 20.88° (4.25 Å) and 23.01° (3.86 Å). Form IV has main diffraction peaks at a 2 
θ angle of 20.39° (4.35 Å) and 21.39° (4.15 Å). Form V, which is of major interest, has a strong 
sharp peak at 19.36° (4.58 Å) and minor diffractions at 22.31° (3.98 Å), 22.95° (3.87 Å), 23.70° 
(3.75 Å) and 24.22° (3.67 Å). Finally, Form VI has a strong peak at 19.31° (4.59 Å) with other 
peaks at 21.97° (4.04 Å), 23.01° (3.86 Å) and 24.02° (3.70 Å) (summarized in Table 2.5).  
2.6 Industrial tempering 
When chocolate is delivered to the consumer, the cocoa butter present in chocolate should be 
in the most stable polymorphic form V, because this is the only polymorph acceptable by its 
melting behavior (Ollivon 2004). Cocoa butter, when crystallized directly from melt without 
tempering, will crystallize mostly in form IV.  
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Tempering is a complex process which in simple terms involves mixing and cooling the liquid 
chocolate under carefully controlled conditions to ensure that the fat phase crystallizes in its 
most desirable form, Form V (Sato and Koyano 2001).  
Figure 2.14 show the most commonly used method of tempering involves the following steps 
(Talbot 1999): 
1. Chocolate has to be heated to at least 50°C to ensure complete melting of the fat thus 
avoiding any ‘memory effect’ of the cocoa butter (van Langevelde and others 2001a). 
2. Cool the chocolate to initiate crystallization by nucleating different polymorphs and 
beginning crystal growth.  
3. Rapid crystallization also causes formation of metastable forms. This is due to extensive 
super cooling, the driving force for nucleation and crystal growth in cocoa butter. 
Metastable forms such as Forms III and IV have lower free energies of crystallization 
than Form V and hence crystallize more rapidly. However these must be eliminated as 
they cause poor de-molding and induce fat bloom. 
4. The chocolate is heated to approximately 30°C to melt unstable crystals because 
different polymorphs are randomly nucleated during cooling and create a uniform sized 
crystal population of Form V nuclei.   
At the end of tempering, small stable crystals uniformly distributed in the chocolate act as 
seed crystals to promote growth and stabilization of Form V crystals during cooling. The effect 
of shear on generation of Form V crystals has been studied by MacMillan and others (2002); 
they concluded that absence of shear generates Form IV nuclei at the expense of Form V, 
resulting in formation of chocolate which blooms easily bloom and is of poor quality. 
Highly sophisticated machinery has been developed for tempering chocolate. Careful control 
of tempering is important because it affects the sensory properties (Section 2.5.3) of 
chocolate. Additionally, tempering influences rheological properties of chocolate and thus, 
also determines the workability of chocolate (Nelson and others 1999). Other physical 
properties such as snap, gloss, texture, heat resistance and fat bloom stability are also 
impacted. Fat bloom is mainly due to poor storage conditions or poor manufacturing of  
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chocolate, enabling formation of undesirable crystals. It is normally associated with the 
formation of Form VI crystals. 
 
 
Figure 2.14 Typical tempering sequence during lipid crystallization in chocolate 
(Talbot 1999) 
2.7 Fat bloom 
Fat bloom is a major cause of quality loss in the confectionery industry and looks as a whitish 
covering and is greasy to the touch (Widlak and others 2001). Fat bloom may occur when 
chocolate is not properly tempered, incorrectly cooled, when exposed to elevated 
temperatures and/or fluctuations, abrasions and finger prints, or fat migration from the center 
of chocolate-covered confections (Loisel and others 1998). Fat bloom formation may occur 
when the sample is stored above room temperature due to increased molecular mobility 
(Hartel 2001). The occurrence of fat bloom could be due to migration of the liquid fraction 
within the chocolate to the outer surface, where it crystallizes (Loisel and others 1998) and/or 
due to polymorphic transformation from unstable fat crystals (polymorph V) to more stable 
polymorphic forms (polymorph VI).  
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2.8 Fundamentals of ultrasound technology   
The mechanical and physical effects of ultrasound (US) have found many applications in 
several food technologies (Ruecroft and others 1995). The beneficial use of US is achieved 
through its chemical effects on products such as deactivation of enzymes by denaturation (Yu 
and others 2014) or mechanical and physical effects on processes such as extraction (Xu and 
others 2014), filtration (Kobayashi and others 2003), cutting (Arnold and others 2011) among 
others. These changes occur as a result of several mechanisms, which can be summarized as 
follows: 
a) Heating  
b) Structural effects  
c) Compression and rarefaction  
d) Turbulence  
e) Cavitation 
a) Heating, the overall temperature increase due to absorption of sound waves or to adiabatic 
compression of the medium in the sound field is dependent on the nature of the medium and 
the liquid/membrane interface. 
b) Structural effects, when fluids are placed under high-intensity sound fields (frequency 18 
kHz), the dynamic agitation and shear stresses produced affect their structural properties, 
particularly their viscosity. 
c) Compression and rarefaction, when high-intensity acoustic energy waves travel through a 
solid medium, rapid and successive compression and rarefaction occurs, the rates of which 
depend on their frequency. 
d) Turbulence, high-intensity US in low-viscosity liquids and gases produces violent agitation, 
which can be used to disperse particles. At liquid/solid gas/solid interfaces, acoustic waves 
cause extreme turbulence known as “acoustic streaming” or “micro-streaming”. 
e) Cavitation, acoustic cavitation is the formation, growth, and violent collapse of small 
bubbles or voids in liquids as a result of pressure fluctuation. Among other effects, cavitation 
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may cause enhanced polymerization or depolymerization reactions by temporarily dispersing 
aggregates or by permanently breaking chemical bonds in polymeric chains.  
 Ultrasonic processing of lipids 2.8.1
Ultrasonic processing of lipids has been demostraded to influence crystallization by promoting 
primary and secondary nucleation of fats through the mechanisms of cavitation and acoustic 
streaming (Ruecroft and others 2005). Ultrasonic processing has been applied to various lipid 
sources including cocoa butter, tripalmitin, trilaurin, anhydrous milk fat, shortening, palm 
kernel oil and soybean oil (Higaki and others 2001; Ueno and others 2003; Martini and others 
2008; Suzuki and others 2010; Ye and others 2011); it provides a constant, stable and 
reproducible means of controlling lipid crystallization. Demonstration of its effectiveness with 
cocoa butter (Higaki and others 2001) led to the hypothesis that sonocrystallization would 
favor formation of polymorph V; yielding similar quality characteristics to traditionally 
tempered chocolate in terms of textural quality, flavor, and storage stability. 
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Chapter 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter details the determination of the application of ultrasound in chocolate and tests 
carried out to check for correct formation of polymorph V. Optimization of experimental 
conditions is also described.  
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3 Chapter 3: Optimization of Ultrasound Application  
3.1 Abstract 
High power ultrasound has become an efficient tool for large scale commercial applications, 
such as emulsification, homogenization, extraction, crystallization among others. A broad 
range of ultrasonic systems and treatment conditions has been established for each 
application. Although ultrasonic processing has been applied to several lipids with positive 
impacts on lipid crystallization; application of ultrasonic waves in chocolate to modify 
crystalline structure is a novel application. The main objective of this study was to determine 
optimal experimental conditions to establish the most appropriate method to deliver 
ultrasound waves to chocolate formulation. Three types of ultrasound equipment were tested: 
ultrasonic bath, ultrasonic immersion probe and ultrasound continuous-flow pipe system. 
Acoustic power density, horn tip size, immersion depth, increase of temperature of medium 
and time of exposure were evaluated. Melting point was used as an indication of polymorphic 
conformation. Results showed that polymorph form V was achieved in chocolate formulation, 
only if ultrasonic specific parameters were met.  
3.2 Introduction 
The chocolate industry relies on tempering to assure chocolate quality. Tempering involves 
intensive energy and time for removal and introduction of heat, to achieve desired optimal 
polymorphic conformation (polymorph V). Ultrasonic processing has been applied to cocoa 
butter, tripalmitin, trilaurin, anhydrous milk fat, shortening, palm kernel oil and soybean oil 
with positive impacts on lipid crystallization (Higaki and others 2001; Ueno and others 2003; 
Martini and others 2008; Suzuki and others 2010; Ye and others 2011), prompting our 
evaluation of its potential to be applied directly to chocolate formulation to create chocolate 
with appropriate polymorphic conformation without tempering. Although it has been 
demonstrated that sonocrystallization can be effectively applied to cocoa butter (Higaki and 
others 2001) to encourage formation of polymorphic form V, it is not known if this processing 
technique can be effectively applied to a fully developed chocolate formulation. Application of 
ultrasonic processing in chocolate manufacturing is novel; thus, it was essential to evaluate the 
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application equipment for ultrasonic processing to establish the most appropriate equipment 
to deliver ultrasonic waves and determine if polymorphic transformation could be achieved. 
Researchers at the University of Illinois have performed extensive ultrasonic research in food 
systems with significant aqueous components (Zhou and others 2009), using water as a 
medium to transfer ultrasonic waves. Chocolate contains less than 0.5% water in its matrix 
(Hartel and others 2002); thus, it is important to consider that transfer of ultrasonic waves 
through molten chocolate would behave differently.  This might impose limits to the utilization 
of certain types of equipment.  
Several types of ultrasound equipment were tested to deliver ultrasound waves into the 
chocolate mixture and achieve polymorphic transformation. Ultrasound-related variables 
affecting the application of the technology such as intensity, acoustic power density, horn tip 
size, immersion depth, increase of temperature of medium and time of exposure were also 
studied to establish an appropriate protocol for ultrasound application in chocolate 
formulation. 
3.3 Materials and methods  
 Materials 3.3.1
Chocolate liquor was obtained from Peters Chocolate (ILA, Springfield, IL); granulated sugar 
(Domino Foods, Inc., Yonkers, NY) was acquired from a local grocery store and soy lecithin 
Topcithin UB was supplied by Cargill Texturing Solutions (Cargill, Decatur, IL). 
 Chocolate sample preparation 3.3.2
3.3.2.1 Ingredients  
Dark chocolate was formulated according to Mason and others (1996) using a SPECTRA 10 
Stone Melangeur (SanthaUSA, Yoncalla, OR). Chocolate was prepared from chocolate liquor 
(50% cocoa butter), granulated sugar, and 0.5% (w/w) emulsifier. Final chocolate samples 
contained 32% fat and 48% sugar. 
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3.3.2.2 Refining and Conching 
Solid chocolate liquor was divided into small pieces and melted in a Revolution 2 Chocolate 
Tempering System (ChocovisionTM, Poughkeepsie, NY). Melted chocolate liquor and finely 
ground sugar were placed in the SPECTRA 10 Stone Melangeur (SanthaUSA, Yoncalla, OR) and 
continuously refined and conched for 8 hrs. Thirty min prior to completion, the emulsifier was 
added to the dark chocolate mixture. The mixture was allowed to recrystallize in an ambient 
controlled temperature room overnight. Chocolate batches were made in triplicate. 
3.3.2.2.1 Non-tempered/non-sonicated samples (Control) 
After conching, samples were cooled to 29°C and molded in 25mm x 25mm x 10mm square 
polycarbonate molds (Kerekes, Brooklyn, NY). Molds were tapped to decrease air bubble 
formation. Samples were neither tempered nor sonicated. The polymorphic structure of these 
samples was highly unstable, transitioned from polymorph IV to polymorph VI within 48 hrs.  
3.3.2.3 Tempered samples 
Dark chocolate was tempered using Revolution 2 Chocolate Tempering System (ChocovisionTM, 
Poughkeepsie, NY). Tempering protocol was based upon Tisoncik (2010) (shown in Figure 3.2). 
Chocolate (800 g) was poured into the stainless steel bowl and stirred by a U-shaped stainless 
steel mixer with scraper blades. Continuous shear enabled formation of crystal nuclei and 
influenced the growth and agglomeration of crystals. Continuous mixing also removed the 
crystallized mass from the cooling surface, thus enabling uniform heat transfer throughout the 
sample. Tempered chocolate was immediately molded in 25mm x 25mm x 10mm square 
polycarbonate molds (Kerekes, Brooklyn, NY). Molds were tapped to decrease air bubble 
formation and chocolate was allowed to recrystallize in an ambient temperature controlled 
room overnight. Chocolates were de-molded and placed in storage. 
The tempering profile used for chocolate was as follows: melt at 45°C and maintain under 
shear for 25 min to melt fat crystals. This was followed by cooling to 28°C at a rate of 2°C min-1 
and holding for 8 min to induce crystallization and finally reheating to 29°C and holding for 6 
min to melt lower melting polymorphs, leaving the mixture with only the high melting 
polymorph, Form V (Figure 3.2). 
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 Ultrasonic systems 3.3.3
These experiments focused on determining the adequate ultrasound equipment to encourage 
formation of polymorphic form V when applied to the entire chocolate formulation. Three 
types of ultrasound delivery systems (Figure 3.3) were tested: ultrasonic water bath, immersed 
probe and continuous flow. 
3.3.3.1 Ultrasonic water bath 
Eight grams of non-tempered/non-sonicated (control) chocolate at 33°C were placed in a 
Ziploc bag (150mm x 150mm x5mm), a plastic container (125mm x 125mm x 4mm), and an 
aluminum container (125mm x 125mm x 4mm). All containers were in direct contact with 3000 
mL of water and were placed at a height of 3 cm from the bottom of the ultrasound bath. The 
water bath was powered by a 750 W ultrasonic processor (Sonics and Materials, Inc., 
Newtown, CT.). All samples were processed at 20 kHz with 100% amplitude. Temperature of 
the chocolate was monitored with Digital Temperature Controller ETC-111000-000 (Ranco 
North America, Plain City, OH) and temperature increase was recorded. Samples were exposed 
to ultrasound for 15, 60, 180 and 360 s. The power density in all experiments was 160 mW/mL 
and was calculated as described in Section 3.3.4. All samples were evaluated based on the 
change in melting point which is an indication of change on the crystal structure using DSC 
(Section 3.3.9). 
3.3.3.2 Immersed probe 
This experiment was conducted using a laboratory scale batch-mode MTS system, utilizing a 
750 W ultrasonic processor (Sonics and Materials, Inc., Newtown, CT.). All samples were 
processed at 20 kHz with 100% amplitude. The ultrasound probes used were 25 mm dia. and 
12.5 mm dia. Both were powered by the 750 W generator. Probes were submerged into the 
liquid chocolate to a depth of 15.4 mm from the bottom of the vessel. 
Beakers (250 mL) were utilized, containing 100 g, 30 g and 60 g of liquid chocolate (33°C). 
Temperature of the chocolate was monitored with Digital Temperature Controller ETC-
111000-000 (Ranco North America, Plain City, OH). Samples were exposed to ultrasound for 3, 
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6, 9, and 15 s. All samples were evaluated based on changes in melting point which is an 
indication of change in crystal structure by DSC (Section 3.2.9). 
3.3.3.3 Continuous flow 
Chocolate was moved through plastic tubing while ultrasonic waves were applied in a specific 
location using the immersed probe system described in 3.3.3.2. The system was driven by a 
pump. Ultrasonic waves were applied to 800 g of chocolate at 45°C using a flow rate of 0.5 
mL/s and a holding time of 2 s. Samples were sonicated at 20 kHz with 100% amplitude. 
Samples were evaluated based on changes in melting point (DSC, Section 3.2.9). 
 Determination of sonication power density 3.3.4
Acoustic power applied to a liquid system by ultrasound may be reported as its volumetric 
density, W   mL-1. The calorimetric method as described by Mañas and others (2000) was 
used: 
      
  
  
    
Where (
  
  
) is the change in temperature over time (K   s-1); Cp is the specific heat capacity of 
dark chocolate (J kg-1 K-1), and M is the mass (kg). Sonication was applied to chocolate and 
temperature was measured every 2 s. The specific heat of chocolate (1580 J kg-1K-1) reported 
by Bettens and others (2009) was used for the power calculation. 
 Temperature of chocolate during sonication  3.3.5
Molten chocolate (100 g) was sonicated 9 s at 29°C, 31°C, 33°C and 35°C (Section 3.3.3.2). 
Additional treatment details are presented in Table 3.2. 
 Temperature of chocolate when molding after sonication  3.3.6
After sonication (Section 3.3.3.2), chocolate (9 s) was cooled to 29°C, 31°C, 33°C and 35°C and 
molded.  Additional treatment details are presented in Table 3.2. 
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 Temperature of molds  3.3.7
Chocolate molds were conditioned at three different temperatures 25°C, 39°C, 32°C before 
molding. Sonicated chocolate (9 s) treated as described in Section 3.3.3.2 was molded in 
conditioned molds. Appearance was evaluated.  
 Identification of “hot spots”: sampling distribution for evaluation of melting point 3.3.8
It is well known that the immersed probe (sonication transducer) does not produce a uniform 
treatment (Ruecroft and others 2005; Luque and others 2007). Therefore, is critical to 
understand the behavior that ultrasound waves follow in chocolate if the transducer is held 
stationary. Also critical is to determine whether is necessary the introduction of a protocol to 
move the sample during the ultrasonic application. This experiment was conducted using a 
laboratory scale batch-mode MTS system, utilizing a 750 W ultrasonic processor (Sonics and 
Materials, Inc., Newtown, CT.). Four beakers (250 mL) containing 100 g liquid chocolate (33°C) 
were processed at 20 kHz with 100% amplitude. The ultrasound probe used was 25 mm dia. 
powered by the 750 W generator. Probes were submerged into the liquid chocolate to a depth 
of 15.4 mm from the bottom of the vessel. All samples were evaluated based on changes in 
melting point which is an indication of change in crystal structure by DSC (Section 3.2.9). 
Location of sampling is shown in Figure 3.5. 
 Differential scanning calorimetry 3.3.9
Differential Scanning Calorimetry (DSC) is a thermal analysis technique that determines the 
energy differential between a sample and a reference. As temperature increases, crystals 
absorb energy from the system in order to melt (Manning and Dimick 1983). Melting profiles 
of chocolate were conducted using a Q2000 Thermal Analysis DSC System (TA Instruments; 
New Castle, DE). The instrument was calibrated with indium (m.p. 156.59°C) at a scan rate of 
5°C/min using an empty aluminum pan as a reference. Melting points were determined for 
chocolate samples (1-2 mg), and sealed in Tzero hermetic aluminum pans (TA Instruments; 
New Castle, DE). The sample chamber was cooled to an initial temperature of -20°C and 
samples were manually placed in the chamber. Pans were heated at a rate of 10°C/min from -
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20°C to 80°C in a N2 stream. Melting points were reported at the temperature where the 
maximum energy was absorbed by the sample. Samples were analyzed in triplicate. 
3.4 Results and discussion 
 Selection of equipment  3.4.1
The ultrasonic immersed probe was the only effective system that achieved polymorphic 
transformation of the chocolate mixture (Table 3.4). Samples sonicated in the ultrasonic water 
bath did not change polymorphic conformation of chocolate even after 6 min of sonication. 
The acoustic power density delivered by this system was 160 mW X mL-1 which was 
significantly lower than the immerse probe. These results were expected since this indirect 
method of application of ultrasonic waves is not considered a powerful delivery system. 
Ultrasonic waves had to cross the water inside the ultrasonic device, cross the walls of sample 
containers to finally reach the sample.  
The ultrasonic probe was immersed directly into the molten chocolate without any barrier to 
be crossed by the ultrasonic waves. The ultrasonic power density provided by the probe was 
almost 10 times greater than that supplied by the bath. Samples that were exposed to 1200 
mW x mL-1 experienced a change in melting point, which is an indication of change in 
crystalline conformation. Samples exposed to 1600 mW x mL-1 and 3500 mW x mL-1 did not 
achieve desired polymorphic transformation; this indicates that there is an optimum intensity 
of ultrasound wave application that has to be met in order to achieve transition to higher 
melting polymorphs. Sivakumar and Pandit (2001) also reported a similar existence of 
optimum intensity of ultrasound wave application. The presence of optimum intensity was 
attributed to the fact that at higher intensities of sonication, there exist a large number of gas 
bubbles in the solution which scatter the sound waves to the walls of the vessel. 
 Crystal distribution when transducer is held stationary 3.4.2
There was not a uniform formation of crystals during ultrasound application when the 
transducer was held stationary (Table 3.5). These results coincided with those of Ruecroft and 
others (2005) and Luque and others (2007), indicating that non-uniform wave distribution 
occurred when water was used as medium. Crystals that achieved desired polymorphic 
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transformation were located in position 2 and 4, at the middle and bottom of the beaker 
(Figure 3.5). This information was used to generate an application protocol for future studies.     
 Effect of diameter of immersed probe, acoustic power density and immersion depth  3.4.3
As mention in section 3.4.1., there was an optimum acoustic power density that chocolate 
formulation needed to achieve desired polymorphic conformation. Reducing the diameter 
(Table 3.1) of the immersed probe resulted in increased acoustic power density in chocolate, 
leading to undesirable results. Immersion depth is an important factor to control because this 
variable impacts the propagation of waves (Ruecroft and others 2005).  
 Increase in temperature of sample  3.4.4
The chocolate mixture experienced temperature increases during sonication (Figure 3.6). 
Temperature increase of chocolate during 30 seconds of ultrasonication (20 kHz) is indicated 
with starting temperatures of 29oC, 31oC and 33oC. The thermocouple was placed at 10 cm 
height from the bottom of beakers. The temperature increased linearly (R2 > 0.995) and almost 
parallel. The temperatures of all treatments increase in a similar gradient. The mean slope was 
0.1922. 
 Effect of starting temperature of chocolate during sonication  3.4.5
Desired polymorph conformation Tm= 34.3°C was achieved when sonication was applied at 
31°C and 33°C. Samples sonicated at 33°C exhibited better appearance, they were glossier and 
easy to de-mold. Without sonication and when chocolate was sonicated at 29°C and 35°C, no 
polymorphic transformation was achieved. These results coincide with Hikagi and others 
(2001) who reported the formation of Form V under limited conditions in cocoa butter (3 s; 
applied at 32.3°C).  
 Effect of temperature of chocolate when molding after sonication 3.4.6
Chocolate exhibited more uniform appearance when sonicated chocolate was molded at 29°C.   
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 Optimization of molding  3.4.7
Chocolates molded at 29°C and 33°C were glossier than chocolate molded at 25°C; Chocolate 
molded at 25°C was dull. Sonicated chocolate greatly exceeded the quality of non-tempered 
chocolate, which was opaque.   
3.5 Conclusions 
Formation of polymorphic form V was achieved in chocolate formulation only if ultrasonic 
specific parameters were met. Critical parameters that have to be considered for future 
applications are: acoustic power density, delivery method, temperature of application, volume 
of sample. The ultrasonic immersed probe was the only effective system that achieved 
polymorphic transformation on the chocolate mixture when chocolate were exposed to an 
acoustic power density of 1200 mW x mL-1. 
 Sonocrystallization - mechanism 3.5.1
The mechanisms underlying the polymorph-controlling sonocrystallization process are not 
clear (Higaki and others 2001; Ueno and others 2003; Martini and others 2008; Suzuki and 
others 2010; Ye and others 2011). However, there is speculation that there could be some 
combined effects inherent to sonocrystallization, most probably due to pressure-induced 
thermodynamic effects and chain-chain interactions leading to formation of stable molecular 
packing of triple chain length and subcells of polymorphic form V. When sonicating liquids the 
sound waves that propagate into the liquid media result in alternating high-pressure 
(compression) and low-pressure (rarefaction) cycles. According to an ultrasound technology 
manufacturer (Hielscher 2014), this mechanical stress acts on the attracting electrostatic 
forces such as Van der Waals forces which are crucial in crystallization. Ultrasonic cavitation in 
liquids causes high speed liquid jets of up to 1000km/h that creates high pressure between the 
particles and separates them from each other. Smaller particles are accelerated with the liquid 
jets and collide at high speeds.  
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Figure 3.1 Chocolate preparation at laboratory scale 
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Figure 3.2 Tempering protocol for dark chocolate formulation  
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Table 3.1 Summary of treatments to determine proper ultrasound equipment for application 
of chocolate samples  
Equipment/device   
Ultrasonic probe Ultrasonic bath Ultrasonic 
Continuous 
flow 
system Probe 1 Probe 2 
Ziplock 
bag 
Plastic  
container 
Aluminum 
container 
Experiment name A B C D E F G 
Dimensions (mm) - - - 150x150x5 125x125x4 125x125x4 - 
Probe diameter 
(mm) 
31 12.5 12.5 - - - - 
Volume (mL) 65 40 20 6.5 6.5 6.5 500 
Mass (g) 100 60 30 8 8 8 800 
Treatment time (s) 3-15 3-15 1-9 15-360 15-360 15-360 - 
Flow rate (mm/s) - - - - - - 0.5 
Temperature of 
sample (°C) 
29-35 33 33 32 32 32 45 
Frequency  (kHz) 20 20 20 20 20 20 20 
Acoustic power 
density (mW*mL-1) 
1200 1800 3500 160 160 160 - 
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a) ultrasonic bath b) ultrasonic probe  
 
Figure 3.3 Equipment tested for application of ultrasound waves to chocolate samples  
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Figure 3.4 Diagram of ultrasound immersed probe set-up 
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Figure 3.5 Sampling distribution for evaluation of melting point 
Numbers (1 to 4) indicate location where melting point of chocolate were measured 
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Table 3.2 Summary of treatments to determine optimal conditions for ultrasound 
application to dark chocolate 
   #  Samples       Time  
Temperature 
of application 
Temperature 
of molding Abbreviation 
C
o
n
tr
o
ls
 
1 Non-processeda None - - NT 
2 Tempered  40 min - - T 
Ex
p
er
im
en
t 
3
 3 Sonicated 3 s 3 s 33°C 29°C US 3 s 
4 Sonicated 6 s 6 s 33°C 29°C US 6 s 
5 Sonicated 9 s 9 s 33°C 29°C US 9 s 
6 Sonicated 12 s 12 s 33°C 29°C US 12 s 
Ex
p
er
im
en
t 
2
 7 Sonicated 9 s 9 s 29°C 29°C US 9 s-IT-29°C 
8 Sonicated 9 s 9 s 31°C 29°C US 9 s-IT-31°C 
9 Sonicated 9 s 9 s 33°C 29°C US 9 s-IT-33°C 
10 Sonicated 9 s 9 s 35°C 29°C US 9 s-IT-35°C 
Ex
p
er
im
en
t 
1
 11 Sonicated 9 s 9 s 29°C 29°C US 9 s-MT-29°C 
12 Sonicated 9 s 9 s 31°C 31°C US 9 s-MT-31°C 
13 Sonicated 9 s 9 s 33°C 33°C US 9 s-MT-33°C 
14 Sonicated 9 s 9 s 35°C 35°C US 9 s-MT-35°C 
a Non-tempered/Non-sonicated samples 
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Table 3.3 Treatments for optimization of molding  
   Samples Sonication 
Time (s) / Temperature (°C) 
Molding 
 Temperature(°C) 
1 Molded at 25 
o
C 9 s / 33°C 25°C 
2 Molded at 29 
o
C 9 s / 33°C 29°C  
3 Molded at 32 
o
C 9 s / 33°C 32°C 
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Table 3.4 Melting point and qualitative attributes of chocolate samples when using different 
types of equipment  
Samples  Melting point (°C ) Appearance 
Experiment A: Probe 1 (100 g) 
    3 seconds  21.1a ± 3.3 Opaque 
6 seconds  34.1d ± 0.8 Shiny 
9 seconds  34.7d ± 0.3 Shiny 
15 seconds  29.3c ± 0.5 Shiny 
Experiment B: Probe 2 (30 g) 
   
 3 seconds  22.3a ± 0.5 Opaque 
6 seconds  21.1a ± 3.3 Opaque 
9 seconds  21.3a ± 0.5 Opaque 
15 seconds  25.3b ± 0.5 Opaque 
Experiment C: Probe 2 (60 g) 
   
 3 seconds  31.3c ± 1.5 Opaque 
6 seconds  25.3b ± 0.7 Opaque 
9 seconds  29.3c ± 0.5 Opaque 
Experiment D: Zip lock bag 
   
 15 seconds  25.1b ± 3.3 Opaque 
1 minutes   24.2b ± 0.7 Opaque 
3 minutes 23.9ab ± 1.3 Opaque 
6 minutes 21.2a ± 2.5 Opaque 
Experiment E: Plastic container  
    15 seconds  22.7 a ± 1.2 Opaque 
1 minutes   26.3b ± 0.7 Opaque 
3 minutes 27.2b ± 2.5 Opaque 
6 minutes 21.3a ± 1.2 Opaque 
Experiment F: Aluminum container  
    15 seconds  25.1b ± 3.3 Opaque 
1 minutes   23.2a ± 0.7 Opaque 
3 minutes 23.1a ± 1.3 Opaque 
6 minutes 25.1b ± 1.9 Opaque 
Experiment G: Continuous-flow  
    9 seconds  21.3a ± 0.5 Opaque 
15 seconds  23.2a ± 0.3 Opaque 
Melting point determined by differential scanning calorimetry (for detailed information of 
treatments see Table 3.1) 
-a-d Numbers with different letters were significantly different (P<0.05) 
* Mean of at least 3 determinations 
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Table 3.5 Mapping of melting point when probe was held stationary  
Position in beaker (Figure 3.5)  
         Melting point (°C ) 
          (Mean ± SD) 
Position 1 25.1a
 
 ± 1.3 
Position 2 34.1c ± 0.2 
Position 3 27.1b ± 0.3 
Position 4 34.7d ± 0.2 
Melting point determined by Differential Scanning Calorimetry. For detailed information of the 
position number see Figure 3.5 
-a-d Numbers with different letters were significantly different (P<0.05) 
* Mean of at least 3 determinations 
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Figure 3.6 Temperature increase of chocolate samples when ultrasound (20 kHz) was applied 
at starting temperatures of 29°C, 31°C and 33°C 
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Figure 3.7 Visual appearance of sonicated chocolate when molded at three mold 
temperatures: 25°C, 29°C and 32°C 
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Chapter 4  
 
 
 
 
 
 
 
 
 
 
 
 
This chapter describes in detail the effect of ultrasound application on crystallization, texture, 
color of dark chocolate. 
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4 Chapter 4: Effect of Ultrasound Application on Crystallization of Dark Chocolate 
4.1 Abstract 
For chocolate to be of optimal quality with cocoa butter in an appropriate polymorphic form, 
tempering is crucial, influencing final quality characteristics such as color, hardness, and shelf-
life. Tempering, traditionally applied for optimization of polymorphism, involves substantial 
energy and time. Ultrasonic processing of lipids has been demostraded to influence 
crystallization, prompting our evaluation of its potential to create chocolate with appropriate 
polymorphic conformation without tempering. Our objective was to evaluate the effects of 
ultrasonication in dark chocolate formulation and its effects on crystallization. Our hypothesis 
was that sonocrystallization will favor formation of polymorph V, yielding similar quality 
characteristics to traditional tempered chocolate. Dark chocolate was formulated, conched, 
and either tempered or sonicated. Ultrasonication (20 kHz) was applied (for times ranging 
from 3-12 seconds) after conching, followed by molding. Samples were compared to chocolate 
molded after conching and chocolate that was traditionally tempered and molded. Cycling 
experiments were conducted. Instrumental methods included texture analysis (TA-XT2), color 
(Minolta Chromameter), melting characteristics (DSC), and polymorph characterization (XRD). 
Temperature cycling resulted in decreased visual and textural quality of chocolate. Whiteness 
index was altered most dramatically for tempered chocolate while non-processed control and 
sonicated chocolate whitening was not significantly different. However, non-processed control 
chocolates suffered greater changes in overall dimension. Overall, tempered chocolate had 
enhanced hardness, cohesiveness, gumminess, and chewiness characteristics over sonicated 
or non-processed control chocolate. Different sonication exposure times resulted in different 
melting profiles, indicating certain timing strategies were optimal. Results indicate that 
ultrasound application has a significant effect on crystallization properties of dark chocolate 
and under optimal conditions could be utilized to achieve an appropriate polymorphic 
conformation. 
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4.2 Introduction 
Chocolate is a suspension of sugar, cocoa, and/or milk solid particles in a continuous cocoa 
butter matrix. Chocolate provides a rich, smooth texture and mouthfeel when it melts in the 
mouth due to the unique interactions of polymorphic lipid structures of cocoa butter (Loisel 
and others 1998). Six distinct polymorphic forms of cocoa butter have been observed and 
characterized (Vaeck 1960; Wille and Lutton 1966). For chocolate, form V is the most desirable 
as it results in better de-molding, more desirable gloss, and the ideal snap at room 
temperature. Undesirable polymorphic forms, which are generally unstable, such as Forms III 
and IV, result in development of fat bloom, which compromises mouthfeel, visual, and textural 
quality (Morgan 1994; Andrae 2006). There is no single universally accepted theory that 
describes fat bloom in chocolate. Current theories about fat bloom fall into two categories: 
polymorphic transformation (Widlak and others 2001) and phase separation (Loisel and others 
1998). Tempering is often employed to achieve high quality chocolate and avoid fat bloom, but 
is energy and time intensive. Optimal tempering will dictate the type of crystal network 
formed by its constituent lipid during crystallization.  
Ultrasonic processing of lipids has been demonstrated to influence crystallization by 
promoting primary and secondary nucleation of fats through the mechanisms of cavitation and 
acoustic streaming (Ruecroft and others 2005). Ultrasonic processing has been applied to 
various lipid sources (Higaki and others 2001; Ueno and others 2003; Martini and others 2008; 
Suzuki and others 2010; Ye and others 2011) and demonstrated to provide a constant, stable 
and reproducible means of controlling lipid crystallization. Demonstration of its effectiveness 
with cocoa butter (Higaki and others 2001) led us to hypothesize that sonocrystallization 
would favor formation of polymorph V, yielding similar quality characteristics to traditional 
tempered chocolate; it was also expected to lead to enhanced storage stability. 
The objective of this chapter was to evaluate the effects of ultrasound application in dark 
chocolate formulation and its effects on lipid crystallization. 
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4.3 Materials and methods 
 Materials 4.3.1
Chocolate liquor was obtained from Peters Chocolate (ILA, Springfield, IL); granulated sugar 
(Domino Foods, Inc., Yonkers, NY) was acquired from a local grocery store and soy lecithin 
Topcithin UB was supplied by Cargill Texturing Solutions (Cargill, Decatur, IL).. 
 Chocolate samples 4.3.2
Dark chocolate was formulated according to Mason and others (1996) using a SPECTRA 10 
Stone Melangeur (SanthaUSA, Yoncalla, OR). Samples were prepared in triplicate 800 g 
batches.  After addition of emulsifier, samples were divided into three groups and either a) 
molded, b) tempered and molded or c) sonicated and molded (Table 4.1). 
4.3.2.1 Non-tempered/non-sonicated samples (Control) 
After conching, samples were allowed to cool to 29°C and molded in 25mm x 25mm x 10mm 
square polycarbonate molds (Kerekes, Brooklyn, NY). Molds were tapped to decrease air 
bubble formation. Samples were neither tempered nor sonicated. The polymorphic structure 
of these samples was highly unstable. The transition from polymorph IV to polymorph VI 
occurred within 48 hrs.  
4.3.2.2 Tempered samples 
Dark chocolate was tempered using Revolution 2 Chocolate Tempering System (ChocovisionTM, 
Poughkeepsie, NY). Tempering protocol was based upon McGee (2003) and Tisoncik (2010).  
Chocolate (800 g) was poured into the stainless steel bowl and stirred by a U-shaped stainless 
steel mixer with scraper blades. The continuous shear enables the formation of crystal nuclei 
and influences the growth and agglomeration of crystals. Continuous mixing also removes the 
crystallized mass from the cooling surface, thus enabling uniform heat transfer throughout the 
sample. Tempered chocolate was immediately molded in 25mm x 25mm x 10mm square 
polycarbonate molds (Kerekes, Brooklyn, NY). Molds were tapped to decrease air bubble 
formation and chocolate was allowed to recrystallize in an ambient temperature controlled 
room overnight. Chocolates were de-molded and immediately placed in storage. 
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The tempering profile used for chocolate was as follows: melt at 45°C and maintain under 
shear for 25 min to melt fat crystals. This was followed by cooling to 28°C at a rate of ~ 2°C 
min-1 then holding for 8 min to induce crystallization and finally reheating to 29°C and holding 
for 6 min to melt lower melting polymorphs, leaving the mixture with only the high melting 
polymorphic form V. 
4.3.2.3 Sonicated samples 
Ultrasound treatments were conducted using a laboratory scale batch-mode MTS system, 
utilizing a 750 W ultrasonic processor (Sonics and Materials, Inc., Newtown, CT.). All samples 
were processed at 20 kHz with 100% amplitude. A beaker (250 mL) was utilized, containing 
100 g liquid chocolate (33°C). Temperature of the chocolate was monitored with Digital 
Temperature Controller ETC-111000-000 (Ranco North America, Plain City, OH) and the target 
temperature to begin sonication was 33°C. The ultrasound probe (25 mm dia., 750 W 
generator rating power was submerged into the liquid chocolate to a depth of 15.4 mm from 
the bottom of the vessel. Samples were exposed to ultrasound for 3, 6, 9, 12 and 15 s. 
Ultrasound-treated samples were molded at 29°C. 
4.3.2.3.1 Determination of sonication power density 
Acoustic power applied to a liquid system by ultrasound may be reported as its volumetric 
density, W   mL-1. The calorimetric method as described by Mañas and others (2000) was 
used: 
      
  
  
      
Where (
  
  
) is the change in temperature over time (K   s-1); Cp is the specific heat capacity of 
dark chocolate (J kg-1 K-1), and M is the mass (kg). Sonication was applied to 100 g of chocolate 
for 30 s with temperature measurements taken every 5 s. The specific heat of chocolate (1580 
J kg-1K-1) reported by Bettens and others (2009) was used for the power calculation. 
 Chocolate storage: cycling experiments  4.3.3
Cycling experiments are often conducted to induce fat bloom formation and quality defects 
(Bricknell and others 1998). After molding, samples were subjected to rigorous temperature 
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cycling regimes: 2 hr cycling (2 hr on and 2 hr off) at 34°C or 37°C for 5 cycles. Fluctuating 
samples were stored in a digitally controlled incubator (± 0.1°C). Control samples were 
analyzed immediately after preparation and stored in an ambient temperature controlled 
(23°C) storage room. Dark chocolate samples were allowed to completely recrystallize for 24 
hrs prior to analysis. Samples were analyzed in duplicate. Quality characteristics were 
monitored to evaluate the impact of ultrasound before and after cycling. 
 Texture profile analysis (TPA)  4.3.4
Chocolate samples were analyzed with a TA-XT2 Texture Analyser (Texture Technologies Corp; 
Scarsdale, NY) and Texture Expert Software v. 1.11. Texture profile analysis was performed 
using a 4 mm cylinder stainless steel probe (P4 DIA) for the two-bite compression test (25% 
compression). Test settings, as described by Afoakwa and others (2008a), were as follows: 
pretest speed of 2 mm/s, test speed of 5 mm/s, post-test speed of 5 mm/s, 25% deformation, 
relaxation time of 5 s, and force of 20 g. Values for hardness, gumminess and adhesiveness 
were determined as described by Texture Technologies (2003), according to Figure 4.1. 
 Color evaluation 4.3.5
Color changes were analyzed using a HunterLab LabScan II 0/45 (Hunter Associates Laboratory, 
Inc., Reston, VA). Measurements were analyzed with HunterLab Universal SoftwareTM Version 
3.8. Color was evaluated in triplicate on whole chocolate samples. Data recorded from the 
colorimeter resulted in an average lightness and darkness based on three distinct color 
measurements (L: 100=white, 0=black; a: 100=red, -100=green; b: 100=yellow, -100=blue). The 
lightening of chocolate was measured by whiteness index (WI), an indicator of fat bloom 
formation. Whiteness index was calculated based on the following equation (Briones and 
Aguilera 2005): 
WI = 100 – [(100-L)2 + a2 + b2]1/2  
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 Dimensional analysis 4.3.6
Physical dimension changes of chocolate during cycling were analyzed using standard 
laboratory dial calipers (Scienceware, Pequannock, NJ). Dimensional percentage change was 
calculated between cycles. 
 Differential scanning calorimetry 4.3.7
Differential Scanning Calorimetry (DSC) is a thermal analysis technique that determines the 
energy differential between a sample and a reference. As the temperature increases, crystals 
absorb energy from the system in order to melt (Manning and Dimick 1983). Melting profiles 
of chocolate were conducted using a Q2000 Thermal Analysis DSC System (TA Instruments; 
New Castle, DE). The instrument was calibrated with indium (m.p. 156.59°C) at a scan rate of 
5°C/min using an empty aluminum pan as a reference. Melting points were determined for 
chocolate samples (1-2 mg), and sealed in Tzero hermetic aluminum pans (TA Instruments; 
New Castle, DE). The sample chamber was cooled to an initial temperature of -20°C and 
samples were manually placed in the chamber. Pans were heated at a rate of 10°C/min from    
-20°C to 80°C in a N2 stream. Melting points were reported at the temperature where the 
maximum energy was absorbed by the sample. Samples were analyzed in triplicate. 
 Powder X-ray Diffraction 4.3.8
4.3.8.1 Sample preparation 
Chocolate polymorphs were identified using powder X-ray diffraction (XRD).  Chocolate 
samples were prepared as described by Cebula and Ziegleder (1993) to eliminate diffraction 
interference by extracting the sugar. Samples were prepared as follows: 5 g chocolate was 
finely chopped, mixed with 500 mL cold deionized water, and allowed to sit 4-6 hrs to extract 
the sugar. The mixture was then filtered under vacuum using Whatman #1 filter paper and 
allowed to dry overnight. After drying, the chocolate powder was stored in small vials until 
analysis.  
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4.3.8.2 XRD analysis 
Crystal polymorphic transitions were confirmed by the short d spacings of an X-ray diffraction 
pattern.  X-ray diffraction patterns were measured at room temperature (23°C) on Siemens-
Bruker D5000 theta/theta Powder X-ray Diffractor (Siemens-Bruker Instruments, Billerica, 
MA). Copper radiation (CuKα) with an average wavelength of 1.5418 Å set at 40 kV and 30 mA 
and a 1° divergence slit was used.  The powder sample was pressed into a polycarbonate cell 
and mounted in the machine.  A 2θ scan from 18° to 26°, step of 0.008, and a scan rate of 0.2 
degrees/min was utilized to analyze samples in duplicate. 
X-ray diffraction is measured by Bragg’s law: 
 sin2dn   
where n is a positive whole number, λ is the X-ray wavelength, d = space between crystal 
planes, and θ is the angle of incidence. Short d spacings are used in the 2θ range of 16-30° to 
identify polymorphs. Polymorph V will have four distinct d spacings; while polymorph VI will 
have only three, thus demonstrating a shift in crystal lattice orientation. 
4.3.8.3 Identification of polymorphs from X-ray data 
Once each X-ray diffractogram was normalized, polymorph assignments were made by 
comparing the diffractogram with the patterns identified by Wille and Lutton (1966) and 
Talbot (1999) as shown in Figure 4.2, and using the short spacing data tabulated in Table 2.5. 
For example, an X-ray pattern showing strong d-spacing at 4.58, 4.19 and 3.70 Å is interpreted 
as being a mixture of polymorphic forms V and VI. 
 Statistical analysis 4.3.9
Data was analyzed using Statistical Analysis Software (SAS) v. 9.1 (SAS Institute Inc., Cary, IN) to 
determine analysis of variance (ANOVA) and Fischer’s least significant difference (LSD) for each 
rated attribute using PROC GLM.   
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4.4 Results and discussion 
 Effect of sonication on crystalline structure of dark chocolate 4.4.1
Sonication significantly impacted crystalline structure of dark chocolate (P<0.001) as described 
by changes in melting point (Table 4.2) and changes in x-ray diffraction patterns of chocolate 
samples (Figure 4.4). Melting point (DSC) changed dramatically with processing; melting point 
of control samples (21.1°C) were dramatically lower than tempered samples (34.4°C). Baichoo 
(2007) reported similar results, and the explanation given for the increase in the melting 
temperature was due to growth and stabilization of polymorph form V. Perfection of the 
crystals will contribute to the higher melting point, as more energy is required to break the 
lattices down. Sonicated samples achieved desired crystalline structure, polymorph V under 
limited conditions, i.e., after 6 and 9 seconds of sonication. More extreme low and high 
sonication exposure times, i.e., 3 and 12 seconds, resulted in formation of undesirable 
polymorphic forms. 
Control samples (without sonication or tempering) and samples sonicated for 3 and 12 
seconds achieved polymorph form IV upon crystallization. This polymorph is characterized by 
its low melting point and two strong d-spacings at 20.39˚ (4.30Å) and 21.39˚ (4.14Å) (Figure 
4.4), indicating an orthorhombic and perpendicular chain packing, resulting in adjacent chains 
that cannot pack closely (Baichoo 2007). This metastable polymorphic form has lower free 
energy of crystallization; thus, it undergoes rapid crystallization. This polymorphic form is 
unsuitable for high quality chocolate because of its vulnerability to fat bloom formation and 
poor de-molding characteristics; hence, processing techniques are aimed to reduce this 
polymorphic form in the chocolate matrix. 
Tempering induced crystallization of cocoa butter into a relatively stable polymorphic form V, 
an optimal polymorphic form in chocolate that is less susceptible to fat bloom. DSC established 
the melting point of tempered samples was 34.4°C and XRD diffraction patterns revealed a 
predominance of form V crystals, the densest form with triclinic chain packing, a condition 
highly desired in chocolate production. Our intent was to achieve similar characteristics using 
ultrasonic processing. Our tempering protocol involved a series of heating/cooling steps of 
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molten chocolate; while our sonication protocol involved cooling without intervention after 
conching to start sonication. Samples sonicated 6 and 9 seconds also exhibited polymorphic 
form V. During sonication, samples experienced increases of temperature due to high amounts 
of energy release by the transducer. The average acoustic power density was 1200 mW  mL-1. 
This is a relative value, calculated based upon water temperature increase instead of that of 
molten chocolate, because of its high viscosity, low heat conduction and non-uniform 
distribution. Power densities of other sonicated lipids in the literature were not reported.  
 Effect of sonication on temperature changes during application to dark chocolate  4.4.2
During key stages of processing, temperature was monitored. Temperatures here listed 
represent after conching, after cooling prior to sonication and after sonication; for US 6 s these 
temperatures were 48°C, 33°C and 33.5°C, respectively and for US 9 s they were 48°C, 33°C 
and 33.7°C. These temperatures do not correspond to temperature exposures during 
tempering. This indicates that changes in temperature during sonication are not responsible 
for achievement of crystalline forms; leading to our inference that sonication directly induced 
polymorphic form V in these dark chocolate formulations.  This concurs with Higaki and others 
(2001) who reported that sonication could be an efficient tool for controlling crystallization of 
cocoa butter. Martini and others (2008) also reported that high intensity ultrasound (20 kHz; 
50 W) of anhydrous milk fat induced primary and secondary nucleation, generating small 
crystals and as a consequence harder materials, if acoustic waves were applied after the first 
crystals were observed. The mechanisms underlying the polymorph-controlling 
sonocrystallization process are not yet clear. Ueno and others (2003b) studied ultrasound-
induced crystallization in tripalmitin (PPP) and trilaurin (LLL) supercooled melts and 
determined that sonication reduced induction times and increased nucleation rates due to a) 
high-pressure vicinity of collapsing bubbles shifting melting-point and consequently increasing  
supercooling, and (b) a remarkable decrease of the free-energy barrier for nucleation 
compared to non-sonicated samples. Higaki and others (2001) suggested that high power 
ultrasound (20 kHz; 100 and 300 W) combined the effects due to pressure-induced 
thermodynamic effects and chain-chain interactions leading to the formation of stable 
molecular packing of triple chain length and the T subcell of polymorphic form V. 
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During sonication molten chocolate experienced an increase in temperature of 0.2. 0.5, 0.7 
and 1.2°C for US 3 s, 6 s, 9 s and 12 s, respectively. Higaki and others (2001) also reported an 
increase of 0.6°C in 6 second treatment of cocoa butter. Ueno and others (2003a) reported an 
increase of 2.5°C in the 2 second treatment in PPP/LLL melts and acknowledged that the 
relationship of sonication and temperature of melts is crucial for obtaining the desired 
polymorphic form. This increase was interpreted as the result of the overall heat generated by 
the dissipation of acoustic energy and heat formation in the highly compressed gas in the 
cavitation bubbles.   
 Effect of sonication on texture of dark chocolate 4.4.3
Sonication impacted instrumental hardness, cohesiveness, and gumminess of dark chocolate 
(P <0.001). Length of sonication had different effects on textural attributes and results indicate 
that under optimal times of ultrasound application it is possible to achieve textural 
characteristics similar to tempered chocolate (Figure 4.5). US 9 s, achieved similar textural 
profiles to tempered chocolate. Tempering is one of the most effective processing tools to 
obtain the desired textural profile from the consumer point of view, specifically the desired 
level of hardness or snap (Talbot 1999). Andrae (2006) validated that instrumental hardness 
could effectively predict sensory perception of the snap of dark chocolate. 
Chocolate hardness is influenced by a variety of factors, mainly the nature of the crystallized 
lipid phase (cocoa butter) and the nature of solid dispersed phase (sugar crystals and cocoa 
solids) (Liang and Hartel 2004). Tempering highly influences this packing arrangement of the 
dispersed phases in chocolate. Tempering is also associated with high gloss which leads to 
good de-molding characteristics. Crystalline arrangement for sonicated (6 s and 9 s) chocolates 
was modified to form V, which improved textural characteristics. Tempered, US 6 s and US 9 s 
chocolates had similar hardness, cohesiveness and gumminess. Under-exposure (3 seconds) 
and over-exposure (12 seconds) resulted in a texture profile similar to control chocolate. 
Control chocolate tends to be softer than tempered chocolate due to its low melting point and 
an increase in the amount of liquid phase in the chocolate matrix (Dimick and Manning 1987). 
63 
 
 Effect of sonication on color of dark chocolate 4.4.4
Color analyses showed that tempered and US 9 s chocolate had the darkest appearance 
(Figure 4.6) followed by US 6 s and US 3 s. Non-processed control and US 12 s were 
characterized by a whitish brown color on the surface, better known as bloom, which appears 
quickly after processing problems or, more precisely, after poor tempering (Lonchampt and 
others 2006; Nightingale and others 2011). 
Whiteness index, based on colorimeter measurement, determined that ultrasound application 
had a significant impact in color of chocolate (P<0.05) within a day of solidification. Tempered 
samples and US 9 have similar WI. The greatest percentage increase in WI was observed for 
NT, US 3 s and US 12 s. 
  Effect of sonication after temperature cycling (5 cycles) 4.4.5
Cycling of chocolate with temperature fluctuations at 34°C and 37°C for 5 cycles influenced 
appearance, lipid polymorphism and surface characteristics of chocolate, decreasing product 
quality. Textural attributes (hardness, cohesiveness, adhesiveness, and gumminess) and color 
spectra (L, a, b, and WI) were significantly different (P<0.05) after exposure to temperature 
cycling. All samples suffered significant decreases in hardness, and increases in cohesiveness, 
and gumminess in response to cycling. Chocolate samples experienced increases in WI during 
cycling (P<0.001). According to Lonchampt and others (2006), the whiteness index method of 
characterizing bloom in non-processed control chocolates is not as sensitive as visual 
determination. Despite this limitation, WI data indicated the general trend that chocolates 
cycled at 34°C were more compromised than chocolates cycled at 37°C (Figure 4.7). However, 
temperature cycling at 37°C had the most dramatic impact on physical dimensional changes 
(P<0.001) and textural attributes (P<0.001). 
Temperature cycling at 34°C caused a polymorphic transition to form VI as determined by XRD.  
A significant increase in melting point to >35°C was also observed, indicating tighter chain 
packing and a new polymorphic conformation (Nightingale and others 2011). There was no 
significant (P<0.05) change in physical dimensions; however samples exhibited fat bloom on 
the surface and interior, as chocolate evolved from polymorph V to form VI. According to 
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Bricknell and Hartel (1998), before fat bloom is produced this transition should have occurred. 
There was an increase in WI observed at development of fat bloom. Additionally, samples 
experienced loss of gloss. Tempered and US 9 s samples maintained similar texture profiles 
and surface and interior characteristics throughout cycling at 34°C, while NT, US 3 s, US 6 s 
suffered significant decreases in hardness, and increases in cohesiveness, and gumminess. 
Temperature cycling at 37°C caused detrimental changes especially physical expansion 
(P<0.001) and hardness reduction (P<0.001). Chocolate did not transition completely to 
polymorph VI according to XRD, but it increased in melting point to >35°C. Tempered 
chocolate was the most stable in terms of physical expansion, followed by US 9 s. 
4.5 Conclusions 
Ultrasound application had a significant effect on crystallization properties of dark chocolate.  
Under optimal conditions, ultrasonication could potentially be utilized to achieve an 
appropriate polymorphic conformation. 
Sonocrystallization technology is an upcoming technology that demonstrates great promise 
and could be utilized to minimize quality losses in the chocolate industry.  It can be effectively 
applied to the formulation and creation of high quality chocolate that is stable during storage. 
Different sonication exposure times resulted in different characteristics, indicating an optimal 
time of exposure of 9 seconds. Different systems might have different optimal exposure times. 
Tempering is costly and some manufacturers may shorten this step, resulting in a poorer 
quality product.  Thus, if ultrasound were adapted one may see a decrease in the need for 
tempering, which would be more economical for the manufacturer and would result in better 
quality chocolate for the consumer at a more affordable price. 
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Table 4.1 Treatments applied to chocolate formulations  
  Samples 
Treatment 
Time Abb Conching   Tempering     Sonication    Molded 
1 Controla None C X   X 
2 Tempered 40 min T X X  X 
3 Sonicated 3 s 3 seconds US 3 s X  X X 
4 Sonicated 6 s 6 seconds US 6 s X  X X 
5 Sonicated 9 s 9 seconds US 9 s X  X X 
6 Sonicated 12 s 12 seconds US 12 s X  X X 
aControl: After conching, samples were allowed to cool to 29°C and molded. Samples were 
neither tempered nor sonicated.  
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Table 4.2 Polymorphic form and melting point of dark chocolate samples*  
Sample  
Melting point (°C) 
(Mean ± SD) Polymorph 
Control  21.1 
a
  ± 6.3 IV 
Tempered  34.4 
c
  ± 0.8 V 
Sonicated, 3 s 24.1  
b
  ± 0.8 IV 
Sonicated, 6 s 34.5 
c
  ± 0.0 V 
Sonicated, 9 s 34.5  
c
  ± 0.4 V 
Sonicated, 12 s 25.7 
b
  ± 0.0 IV 
Melting point determined by Differential Scanning Calorimetry and polymorphic form 
determined by X- Ray Diffraction. 
a-c Numbers with different letters were significantly different (P<0.05). 
* Mean of at least 3 determinations.  
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Table 4.3 Polymorphic form and melting point of dark chocolate samples* after temperature 
cycling 
Sample    Storage  conditions 
Melting point (°C) 
(Mean ± SD) Polymorph 
Control   5 cycles  34°C   35.1b ± 0.1 VI 
Control 5 cycles  37°C   34.7a ± 0.3 V 
Tempered  5 cycles  34°C   34.5a ± 0.2 V-VI 
Tempered  5 cycles  37°C   35.6b ± 0.0 V-VI 
Sonicated, 3 s 5 cycles  34°C   34.3a ± 0.8 VI-V 
Sonicated, 3 s 5 cycles  37°C   34.9b ± 1.5 V-VI 
Sonicated, 6 s 5 cycles  34°C   36.0b ± 0.6 VI 
Sonicated, 6 s 5 cycles  37°C   35.7b ± 0.2 V-VI 
Sonicated, 9 s 5 cycles  34°C   34.3a ± 0.6 V-VI 
Sonicated, 9 s 5 cycles  37°C   35.7b ± 0.4 V-VI 
Sonicated, 12 s 5 cycles  34°C   34.6a ± 0.5 V-VI 
Sonicated, 12 s 5 cycles  37°C   35.7b ± 0.9 V-VI 
Melting point determined by differential scanning calorimetry and polymorphic form 
determined by X- ray diffraction. 
a-b Numbers with different letters were significantly different (P<0.05). 
* Mean of at least 3 determinations 
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Figure 4.1 A common texture profile analysis curve for a two bite compression test 
(adapted from Andrae 2006) 
  
    a 
  c 
     b 
Fo
rc
e 
Time 
d e 
   1st bite      2nd bite Measurement  Definition 
Hardness  a-   peak force during  
               the 1st bite   
Coheisveness  d/e-area of 2nd bite  
         divided by the  
         area of the 1st bite  
Adhesiveness  b- negative force area  
         for the 1st bite 
Gumminess  Product of hardness  
   and cohesiveness 
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Figure 4.2 Example of a XRD patterns for polymorph V and VI in dark chocolate with 
“fingerprint” region between 22-25°  
(Talbot and others 1995) 
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Figure 4.3 Typical chocolate processing 
a Includes some or all of the following: cocoa, sugar and emulsifier 
b US: Ultrasound Processing. This is the point of application of ultrasound processing 
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Figure 4.4 X-ray diffraction patterns used for identification of polymorphic form of chocolate 
samples 
Polymorph IV was obtained from non-processed control chocolate; Polymorph V from 
tempered chocolate; Polymorph VI from bloomed chocolate. Results were compared to Wille 
and Lutton (1966) 
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Figure 4.5 Normalized intensity of texture attributes 
Textural attributes were significantly impacted by sonication with comparison based of mean 
intensity values.  
a-b Bars with different letters were significantly different (P<0.05). 
T: Tempered chocolate; NT: Control/Non processed chocolate; US: Sonicated chocolate 
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Figure 4.6 Visual appearance of dark chocolate 
T: Tempered chocolate; Control: Non processed chocolate US: Sonicated chocolate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Control T US 3 s US 6 s US 9 s US 12 s 
74 
 
 
Figure 4.7 Effect of temperature cycling on whiteness index of dark chocolate samples 
L: 100=white, 0=black; a: 100=red, -100=green; b: 100=yellow, -100=blue). Whiteness index 
(WI)  = 100 – [(100-L)2 + a2 + b2]1/2 
T: Tempered chocolate; Control: Non-processed chocolate; US: Sonicated chocolate 
a-d Bars with different letters were significantly different (P<0.05) 
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Cycling 
at 37°C 
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No Cycling 
 Control T US 3 s US 6 s US 9 s US 12 s 
Figure 4.8 Effect of temperature cycling on visual characteristics of dark chocolate samples  
T: Tempered chocolate; Control: Non-processed chocolate; US: Sonicated chocolate 
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Figure 4.9 Effect of temperature cycling on WI dark chocolate samples 
T: Tempered chocolate; NT: Control/Non-processed chocolate; US: Sonicated chocolate 
a- d Bars with different letters were significantly different (P<0.05) 
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Chapter 5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter includes utilization of Quantitative Descriptive Analysis (QDA) to profile sensory 
characteristics of sonicated chocolate samples. Comparisons of sensory attributes among 
sonicated, tempered and non-sonicated/non-tempered samples are made. Effects of over-
sonication on sensory attributes of chocolate are also discussed.  
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5 Chapter 5: Sensory Profiling of Sonicated Chocolate 
5.1 Abstract 
The effectiveness of ultrasonic processing of dark chocolate in achieving the appropriate 
polymorphic conformation without tempering has been demonstrated. This process influenced 
final quality characteristics such as color, hardness, and shelf life, offering a time/energy saving 
alternative to obtain high quality chocolate. The research objective of this chapter was to 
characterize the sensory profile of sonicated chocolate samples. The hypothesis was that 
sonocrystallization favors formation of polymorph V, yielding similar sensory characteristics to 
traditional tempered chocolate. Dark chocolate formulations prepared in our laboratory were 
conched and either tempered or sonicated. Ultrasonication (20 KHz for 6, 9 and 15 s) was 
applied after conching, followed by molding. Quantitative descriptive analysis was used to 
describe key attributes of three levels of ultrasound application to chocolate formulation in 
comparison to non-tempered/non-sonicated chocolate and tempered chocolate. Twelve 
panelists generated sensory terms, rinsing protocol and references using QDA methodology 
during 12 working sessions. Attributes were quantified with an intensity scale from 0 to 15. 
Results were analyzed by analysis of variance and principal component analysis. Two 
significant principal components were identified that accounted for 71.14% of the total 
variance in the sensory attribute data. Tempered and sonicated chocolate were characterized 
by their high degree of glossiness, darkness and hardness. In contrast, crumbly and grainy 
were attributes that characterized non-tempered/non-sonicated chocolate. Location of 
samples on PCA plots indicated that sensory profiles of sonicated chocolate (6 s and 9 s) were 
more similar to tempered chocolate than to non-tempered/non-sonicated chocolate. Results 
indicated that ultrasonic technology could be applied to achieve a comparable sensory profile 
to tempered chocolate, and it has a strong potential to be an alternative to tempering.  
5.2 Introduction 
In previous chapters, ultrasound application had a significant effect on crystallization 
properties of dark chocolate and under optimal conditions could be utilized to achieve an 
appropriate polymorphic conformation. These findings were based on instrumental methods 
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utilized to study polymorphic conformation, changes in melting profiles, and changes in 
dimensions, texture and color of the chocolates. 
Previous research (Guinard and Mazzucchelli, 1999; Lee and others 1999; Gambaro and others 
2002; Nightingale and others 2011) indicated that instrumental analysis does not discriminate 
samples in the same manner as descriptive analysis. Human perception of food cannot be 
accurately predicted by data from instrumental techniques. Therefore sensory profiling is 
crucial to reach final conclusions regarding the effects on the sensory characteristics of 
ultrasonication in the chocolate matrix. In this study, two optimal conditions of sonicated 
chocolate (6 s and 9 s) were evaluated and compared to tempered chocolate, which has the 
“target characteristics” of high quality chocolate. They were also compared to non-processed 
chocolate (NT 1 and NT 2). Additionally, over-processed, sonicated chocolate (15 s) was 
evaluated to assess the degree of negative sensory changes this upcoming technology could 
cause. 
Panelists were used as an instrument to measure the sensory characteristics of chocolate of 
which ultrasonication technology had been implemented. Quantitative Descriptive Analysis 
(QDA) is designed to generate terms that describe a specific product (Johnsen and others 
1987). The hypothesis was that sonocrystallization would favor formation of polymorphic form 
V, yielding similar sensory characteristics to traditional tempered chocolate. The research 
objective of this chapter was to characterize sonicated dark chocolate by trained sensory 
panelists using Quantitative Descriptive Analysis® (QDA), developed by Stone and others 
(1974). 
5.3 Materials and methods 
 Materials 5.3.1
Chocolate liquor was obtained from Peters Chocolate (ILA, Springfield, IL); granulated sugar 
(Domino Foods, Inc., Yonkers, NY) was acquired from a local grocery store and soy lecithin 
Topcithin UB was supplied by Cargill Texturing Solutions (Cargill, Decatur, IL). 
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5.3.1.1 Chocolate samples 
Dark chocolate was formulated according to Mason and others (1996) using a SPECTRA 10 
Stone Melangeur (SanthaUSA, Yoncalla, OR). Samples were prepared in triplicate 800 g 
batches.  After addition of emulsifier, samples were divided into three groups and either a) 
molded, b) tempered and molded or c) sonicated and molded (Table 5.1). 
5.3.1.1.1 Non-tempered/non-sonicated samples (Control) 
After conching, samples were allowed to cool to 29°C and molded. Samples were neither 
tempered nor sonicated. The polymorphic structure of these samples was highly unstable. The 
transition from polymorph IV to polymorph VI occurred within 48 hours. Therefore, two time 
points of control samples were tested during this experiment: day 1 (polymorph IV; NT1) and 
day 3 (polymorph VI, NT2).   
5.3.1.1.2 Tempered samples 
After formulation, chocolate was tempered (Revolution 2 Chocolate Tempering System; 
ChocovisionTM, Poughkeepsie, NY) according to Tisoncik and others (2010) and molded at 29°C. 
Tempering profile is described on detail in Section 3.3.2.3. 
5.3.1.1.3 Sonicated samples  
Ultrasound treatments were conducted using a laboratory scale batch-mode MTS system, 
utilizing a 750 W ultrasonic processor (Sonics and Materials, Inc., Newtown, CT.).  All samples 
were processed at 20 kHz with 100% amplitude. A beaker (250 mL) was utilized, containing 
100 g of liquid chocolate (33°C). Temperature of the chocolate was monitored with Digital 
Temperature Controller ETC-111000-000 (Ranco North America, Plain City, OH) and the target 
temperature to begin sonication was 33°C. The ultrasound probe (25 mm dia., 750 W 
generator rating power) was submerged into the liquid chocolate to a depth of 15.4 mm from 
the bottom of the vessel. Samples were exposed to ultrasound for 6, 9 and 15 s. Ultrasound-
treated samples were molded at 29°C. 
Twelve panelists (1 male, 11 female, ages 18 to 39 years) were recruited via email and trained 
in the technique of Quantitative Descriptive Analysis (QDA). Panelists were trained for 16 hrs 
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over 4 wks. Four sessions were spent on the testing of 6 samples of chocolate (Table 5.1). 
Panelists were trained to analyze chocolate following 6 modalities: appearance, aroma, aroma-
by-mouth, taste, texture, and aftertaste. All samples were rated using a 15-point scale. 
All panelists were required to sign an informed consent document, as required by the 
Institutional Review Board of the University of Illinois. Panelists were also asked to complete a 
short questionnaire containing contact information, gender and age information, chocolate 
consumption and preferences, and questions, which may restrict the panelist, such as strict 
diet and/or health problems. The consent form and panel questionnaire are presented in 
Appendix A-C. The majority of panelists regularly consumed chocolate 4-7 times per wk and 
preferred milk chocolate over dark chocolate. 
 Sensory evaluation 5.3.2
5.3.2.1 Training sessions 
The first five training sessions included an introduction to descriptive analysis, rinsing protocol 
determination, and term generation. Panelists were instructed to expectorate all samples, 
rinsing agents, and references throughout the course of the panel. Appendix D describes in 
detail the daily activities during the training. Training sessions included understanding sample 
tasting, for example learning how to rinse between samples and taste samples properly at 
different stages by identifying first bite, chewing and melting. 
5.3.2.1.1 Rinsing protocol 
The rinsing protocol was determined unanimously and consisted of: rinsing with warm spring 
water, followed by a small piece of white bread, and finally room temperature spring water to 
remove all traces of chocolate between samples.   
5.3.2.1.2 Reference and term generation  
Panelists developed a lexicon of descriptive terms for the following 6 modalities: appearance, 
aroma, aroma-by-mouth, taste, texture, and aftertaste. Panelists evaluated 4 samples per 
training session. Once panelists agreed upon evaluation protocol, they refined term generation 
and reference identification skills followed by proper methods for rating attributes associated 
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with each sample. Dove dark chocolate and laboratory prepared chocolates were used as 
training samples. Panelists were instructed to rate samples for intensity of each of their 
generated characteristics using a 15-point scale (0 = no signal, 15 = extreme signal). Appendix F 
contains the sample training ballot. References for each chocolate attribute described were 
refined over 2 wks. Sample attributes and corresponding references chosen are listed in Table 
5.3.  
5.3.2.1.3 Final evaluation protocol  
Final evaluation protocol is summarized in Table 5.2. 
5.3.2.2 Sensory evaluation 
5.3.2.2.1 Individual evaluation  
Individual computerized booth analyses were completed during the testing week. Panelists 
were randomly presented 6 testing samples per session. Samples were distributed in 2 oz clear 
plastic cups with lids, labeled with random 3-digit codes for identification purposes. Samples 
were evaluated at room temperature in individual booths to remove any sample appearance 
bias and/or group influence. All 6 samples were put into sets (3 rows of 3 samples, in random 
order) and given together with 1-minute breaks between every two samples. Panelists 
analyzed one sample at a time, starting first with appearance, aroma, texture, aroma-by-
mouth, taste and finally aftertaste. CompuSense Five 5.0 software (CompuSense, Inc.; 
Ontario, Canada) was used for data collection. An example of a CompuSense individual booth 
test screen is presented in Appendix F.  
5.3.2.3 Statistical analysis 
Data were analyzed using Statistical Analysis Software (SAS) v. 9.1 (SAS Institute Inc.; Cary, NC) 
to determine the analysis of variance (ANOVA) and Fisher’s least significant difference (LSD) 
for all results. Mean ratings of significant attributes (P<0.05) were further analyzed using 
covariance matrices for principal component analysis (PCA) in SAS.  
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5.4 Results and discussion 
 Development of descriptive terms and reference selection for chocolate samples  5.4.1
During the first training sessions, more than 50 descriptive terms were generated by panelists 
based on the samples that they received. Terms were analyzed carefully and terms considered 
synonyms were eliminated. Only the most representative terms remained (Barcenas and 
others 1999; Byrne and others 1999; Warm and others 2000).  From the initial list of more 
than 50 descriptive terms for chocolate, 26 were kept and defined.  
The 26 attributes were: 4 for aroma (nutty, milky, cocoa and roasted), 3 for surface 
appearance (glossy, rusty and dark), 2 for cross-sectional appearance (compacted and dark), 2 
for texture at first initial bite (hardness and crumbly), 2 for texture at 5th chew (chalky and 
crumbly), 4 for texture when dissolving (smooth, grainy, chalky and fatty-mouth coating), 2 for 
aroma by mouth (nutty and cocoa), 3 for taste (bitter, sour and sweet) and 4 for aftertaste 
(bitter, sour, metallic and soymilk).  
The last step in the development of terms for chocolate samples was to identify reference 
standards to further define each attribute. Table 5.3 describes in detail attributes, definitions 
and references.  
 Statistical analysis of attributes of chocolate samples  5.4.2
The ANOVA table containing the results of the 26 sensory attributes rated for the chocolate 
samples is presented in Table 5.4. Panelists were a significant source of variation for all 26 
attributes. This variation could be caused because panelists did not use the entire scale for 
evaluation or each panelist could have been used a different part of the scale, which is a 
typical outcome in DA (Mirarefi and others 2004). Of the 26 attributes evaluated by ANOVA, 
chocolate samples were a significant source of variation for 18 attributes. The attributes that 
were not significantly different in the chocolate samples were: for aroma (nutty, cocoa and 
milky), for aroma by mouth (nutty and cocoa) and for taste (sweet).  
However, an adjusted F test using mixed model ANOVA (Table 5.4) was conducted to account 
for the fact that there was a significant difference in the pattern of chocolate sample 
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intensities across the panelists, indicating panel inconsistency. The interaction (P x S) Panelist x 
Samples as the error term (P × S) in many attributes indicated that the panelists did not all 
agree on the order of intensity across the chocolate samples for these attributes. Attributes 
that were not found different by panelist x sample interaction were: for aroma (roasted), for 
appearance (rusty), for texture at first initial bite (crumbly), for taste (bitter) and for aftertaste 
(bitter and sour).  
Thus, there were only 12 attributes that were considered for further statistical analyses.  
Chocolate sample means of the 12 significant attributes are presented in Table 5.5. Among the 
12 significant attributes, glossy, darkness and smoothness were the attributes that denoted 
greater differences (P<0.001) among samples. Tempered samples received the highest 
intensity values on these attributes, followed by sonicated samples (6 s and 9 s). In comparison 
to NT 1 and NT 2 (non-sonicated/non-tempered samples) US 6 s, US 9 s and US 15 s 
experienced a significant increase in hardness and glossiness. Sour taste and metallic 
aftertaste was mainly associated with US 15 s.  
Correlation analysis was then conducted to determine the relationships between the 
attributes (Table 5.6). The highest positive correlation (r=0.94, P<0.001) was seen between the 
attributes hardness and glossiness. Positive correlation was also observed between chalky, 
grainy and crumbly. The highest negative correlation (r=-0.85, P<0.001) was between sour and 
metallic. In addition to correlation analysis, cluster analysis was also conducted using the 12 
significant attributes. Figure 5.3 identifies two major clusters when the 12 attributes were 
considered. NT2 was clustered by itself, whereas the other five chocolate samples were 
grouped together. These results were expected due the polymorphic conformation of NT 2 
which is form VI, bloomed chocolate. Within the remaining five chocolates, three distinctive 
groups could also be observed. NT 1, US 15 s and the last group formed by tempered chocolate 
and US 6 s and US 9 s.  
Cluster analysis results closely match the results from the principal component analysis biplot 
(Figure 5.4). Two significant principal components were identified that accounted for 71.14% 
of total variance in sensory attribute data. PC I explained 38.44 of the variance, whereas PC II 
explained 32.70 of the variance. Principal component scores indicated that location of key 
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attributes such as dark, glossy and hard of sonicated chocolate primarily corresponded to 
tempered chocolate. Location of US 6 s and 9 s indicates that these samples are more similar 
to tempered chocolate than NT 1, NT 2 and US 15 s. 
Examination of the loading factors (Table 5.7) reveals how the attributes group together. PC I 
contrasted chocolate samples with high values in chalky at 5th chew, crumbly, grainy, and 
chalky when dissolving and soymilk aftertaste, which are attributes associated with poor 
quality chocolate. On the other hand, PC II separated samples high in glossiness, darkness and 
hardness which are desired attributes in chocolate.  
 Sensory profile of chocolate samples  5.4.3
5.4.3.1 Tempered samples and sonicated samples (6 s and 9 s) 
Tempered samples were described as chocolate with high glossiness, darkness in appearance, 
hard at the first bite, smooth and showing fatty-mouth coating when dissolving. Attributes 
such as chalky, crumbly, grainy, sour, metallic and soymilk where present, but did not receive 
high intensity rates.  
5.4.3.2 Over-processed samples (15 s) 
Ultrasound application is non-uniform (Ruecroft and others 2005; Luque and others 2007), and 
the presence of “hot spots” was expected (Figure 3.5). Overall, the sensory profile of 15 s 
samples was similar to 6 s and 9 s, except for attributes perceived during taste and aftertaste: 
sour and metallic; which were statically different (P<0.05).  
5.4.3.3 Non-tempered samples (NT 1 and NT 2)  
Non-tempered samples (NT 1 and NT 2) were associated with low ratings in glossiness, and 
darkness. NT 2 received high ratings in crumbly and grainy while NT 1 was significantly less 
crumbly and grainy.  
5.5 Conclusions 
The defined and referenced sensory descriptive terms for sonicated chocolate developed in 
this study could help understanding of potential sensory changes if ultrasound technology 
were adopted. Overall, sensory results revealed that the perception of attributes of tempered 
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chocolate and sonicated chocolate (6 s, 9 s) is relatively similar. Major quality attributes 
present in high quality chocolate such as glossiness, texture (hardness) and smoothness when 
dissolving were achieved at comparable intensities by using ultrasonic processing instead of 
tempering. However, the presence of some off-notes were perceived in over-processed 
chocolate (15 s) associated to a metallic aftertaste. The nature of this off-flavor is investigated 
in chapter 6.  
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Table 5.1 Chocolate samples used for sensory profiling 
  Samples  Conching*  Temperingx    Sonication† Molded  Abb  
1 
Non-tempered/non-
sonicated (day 1) 
X 
  
X NT 1 
2 
Non-tempered/non-
sonicated (day 3) 
X 
  
X NT 2 
3 Tempered  X X 
 
X Temp 
4 Sonicated, 6 s X 
 
X X US 6 s 
5 Sonicated, 9 s X 
 
X X US 9 s 
6 
Sonicated, 15 s 
(over-processed) X 
 
X X US 15 s 
*Samples were conched (ground to fine particle size) 
xSamples were tempered based upon Tisoncik and others (2010).  
†Samples were molded at 29°C in 25 × 25 × 10 (mm) square polycarbonate molds  
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a) 
 
b) 
 
Temp NT 1 NT 2 US 6 s US 9 s US 15 s 
 
Figure 5.1 Visual appearance of surface (a) and cross-sectional (b) chocolate samples 
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Table 5.2 Evaluation protocol for modalities 
Modality Evaluation protocol-Instructions 
Appearance 
Surface  
 
Cross section  
 
Open the cup and place the sample on the lid. Look at the sample and 
evaluate the following appearance attributes for the surface of the 
chocolate. 
Open the cup and place the sample on the lid. Look at the sample and 
evaluate the following appearance attributes for the cross section of the 
chocolate. 
Aroma  Open the cup and bunny sniff the sample to evaluate the following 
AROMA attributes. 
Texture 
 
1st initial bite: Please bite 1/3 of the piece of the sample using your front 
teeth. Then, evaluate attributes for “1st initial bite” 
At 5th chew: once sample is in your mouth chew with molars 5 times. 
Then, evaluate attributes for “at 5th chew” 
When dissolving: wait until sample fully dissolves. Then, evaluate 
attributes for “when dissolving”  
Aroma-by-mouth Place chocolate in your mouth until it dissolves. Please rate the sample 
on the intensity of the following aroma by mouth attributes. 
Taste  Evaluate sample for taste attributes when dissolving. 
Aftertaste Wait 10 seconds after expectoration to evaluate for aftertaste. 
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Table 5.3 Chocolate attributes, their definitions, and references 
Attribute  Definitions  Reference =  (Intensity, 0 to 15) 
Aroma      
Nutty Aroma associated with nuts Diluted Almond milk = 12  
Milky Aroma associated with dairy products Diluted 2% milk = 12.4  
Cocoa Aroma associated with cocoa powder  
20mg/5oz of cocoa Hershey’s 
powder =  9.3 
Roasted Aroma associated with coffee  15g / L Coffee in water =   11.6 
Appearance: Surface  
 Glossy Smoothness of surface of the sample Chocolate pudding = 15 
Rusty  
Presence of a pattern of a different color 
on the surface of sample 
Dried carrot = 10 
Darkness Level of brown color in the sample  Chocolate pudding = 8 
Appearance: Cross sectional 
 Compacted How chocolate is pressed together Cheddar cheese = 14 
 
 
Wafer = 4  
Darkness Level of brown color in the sample  Chocolate pudding = 8 
Texture: 1ST initial bite 
 
Hardness 
Force required to break sample in 2 
pieces 
Parmesan cheese = 7.6  
Cashew = 11.4 
Crumbly Ability of chocolate of falling apart Wafer = 12  
Texture: At the 5th chew 
 Chalky  Dry powdery mouth feeling Starch powder = 12.5 
Crumbly Ability of chocolate of falling apart Wafer = 12.3 
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Table 5.3 (cont.) 
Attribute  Definitions  Reference =  (Intensity, 0 to 15) 
Texture: When dissolving  
 Smooth   
 
Pudding = 14.3 
Grainy Perception of uneven particles  Starch solution = 9.6 
Chalky Dry powdery mouth feeling  Starch powder = 12.6 
Fatty mouth 
coating  Perception of fat in palate 
Whipped cream = 12.4 
Aroma by mouth (ABM) 
 Nutty Aroma associated with nuts Diluted Almond milk 2 = 12  
Cocoa Aroma associated with cocoa powder Cocoa solution = 11.5 
Taste  
  Bitter Taste associated with caffeine Caffeine solution = 10.6 
Sour Taste associated with citrus fruits  15mg of cocoa Hershey’s powder = 12 
Sweet Taste associated with regular sugar Sugar solution = 12 
Aftertaste (AT) 
 Bitter Aftertaste associated with caffeine Caffeine solution = 8.2 
Sour Aftertaste associated with citrus fruit Citric acid = 12 
Metallic Aftertaste associated with iron solution 1 mini spoon of iron solution = 10.5 
Soymilk Aftertaste associated with soymilk Chocolate soymilk = 9 
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Table 5.4 Terms generated, definitions and adjusted F values using mixed model ANOVA on 
chocolate samples with significant panelist X sample interaction as the error term 
Modality Attribute Definitions Adjusted F value 
Aroma    
  
 
Nutty Aroma associated with nuts 0.69 
 
 
Milky Aroma associated with dairy products 0.99 
 
 
Cocoa Aroma associated with cocoa powder  1.24 
 
 
Roasted Aroma associated with coffee  1.09 
 Appearance: Surface  
  
 
Glossy Smoothness of surface of the sample  2.19 *** 
 
Rusty  
Presence of a pattern of a different color on the 
surface of sample   
1.08 
 
 
Darkness Level of brown color in the sample  2.33 *** 
Appearance: Cross sectional 
  
 
Compacted Degree of chocolate is pressed together 0.96 
 
 
Darkness Level of brown color in the sample  1.41 
 Texture: 1ST initial bite 
  
 
Hardness Force required breaking chocolate in 2 pieces 1.71 ** 
 
Crumbly Ability of chocolate of falling apart 1.3 
 Texture: At the 5th chew 
  
 
Chalky  Dry powdery mouth feeling 1.46 * 
 
Crumbly Ability of chocolate of falling apart 1.45 * 
*, **, *** indicate significance at P<0.05, P<0.01, and P<0.001, respectively 
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Table 5.4 (cont.) 
Modality Attribute Definitions Adjusted F value 
Texture: When dissolving  
  
 
Smooth   
Effortless and continuous flow when 
dissolving 2.04 *** 
 
Grainy Perception of uneven particles  1.85 ** 
 
Chalky Dry powdery mouth feeling   1.57 * 
 
Fatty mouth 
coating  Perception of fat in palate 
1.54 
* 
Aroma by mouth (ABM)  
 
 
Nutty Aroma associated with nuts 1.25 
 
 
Cocoa Aroma associated with cocoa powder 0.76 
 Taste  
   
 
Bitter Taste associated with caffeine 1.25 
 
 
Sour Taste associated with citrus fruits  1.5 * 
 
Sweet Taste associated with regular sugar 1.16 
 Aftertaste 
   
 
Bitter Aftertaste associated with caffeine 0.84 
 
 
Sour Aftertaste associated with citrus fruit 1.03 
 
 
Metallic  Aftertaste associated with iron solution    1.61 * 
 Soymilk   Aftertaste associated with soymilk 1.47 * 
*, **, *** indicate significance at P<0.05, P<0.01, and P<0.001, respectively 
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 Figure 5.2 Average sensory rating for 12 significant attributes across the six chocolate 
samples 
See Table 5.1 for sample codes. S = appearance of surface; T= taste; T1 = texture at first bite; 
T2 = texture at 5th chew; T3 = texture when dissolving; AT = aftertaste 
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Table 5.5 Chocolate sample means and least significant differences for 12 significant 
attributes  
    Chocolate sample 
Modality  NT 1 NT 2 Temp US 6 s US 9 s US 15 s 
Appearance 
      
 
Glossy  7.64 c 4.12 d 13.15a 11.27b 11.09b 10.97b 
  Darkness 9.85
 c 9.55 c 11.76a 10.76b 10.76b 10.45b 
Texture 
      
 
Hardness  5.27 c 5.09 c 12.2 a 10.91b 10.55b 10.58b 
 
Chalky  7.18 b 7.7 ab 7.09 b 8.09 a 8.42 a 7.55ab 
 
Crumbly  2.21 c 7.45 a 5.18b 5.24 b 5.94 b 5.58 b 
 
Smooth  11.85a 7.88 c 10.12b 9.64 b 9.48 b 9.52 b 
 
Grainy  5.18 d 9.45a 7.09c 7.94 b 8.12bc 7.36 b 
 
Chalky (when dissolving) 8.00 a 8.33 a 8.30a 8.67 a 8.88 b 8.39 a 
 
Fatty-mouth coating  9.85 a 9.39ab 9.27abc 9.15abc 8.55 bc 8.88 c 
Taste              
  Sour 7.24
 a 7.21 a 7.36 a 7.33a 7.33 a 8.92 b 
Aftertaste 
      
 
Metallic  6.06 a 5.82 a 5.45 a 5.73a 5.67 a 6.84 b 
  Soymilk  4.85
 a 5.03 a 5.66 b 4.85a 5.18 a 4.82 a 
Values represent the mean of the intensity values assigned by each panelist when chocolate  
sample was compared to reference (Table 5.3). Intensity scale, 0 to 15 
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Table 5.6 Correlation analysis for 12 significant attributes 
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Glossy (S) 1.00 0.92 0.94 0.05 -0.18 0.31 -0.27 0.39 -0.49 0.10 -0.34 0.06 
Darkness (S) 0.92 1.00 0.91 -0.06 -0.01 0.16 -0.11 0.33 -0.39 0.31 -0.63 0.29 
Hardness (T1) 0.94 0.91 1.00 0.20 0.15 -0.02 0.06 0.56 -0.66 0.05 -0.41 0.16 
Chalky (T2) 0.05 -0.06 0.20 1.00 0.46 -0.46 0.57 0.91 -0.72 0.17 -0.15 0.36 
Crumbly (T2) -0.18 -0.01 0.15 0.46 1.00 -0.98 0.97 0.53 -0.55 -0.09 -0.28 0.47 
Smooth (T3) 0.31 0.16 -0.02 -0.46 -0.98 1.00 -0.98 -0.46 0.45 0.13 0.18 -0.36 
Grainy (T3) -0.27 -0.11 0.06 0.57 0.97 -0.98 1.00 0.58 -0.49 0.03 -0.30 0.44 
Chalky (T3) 0.39 0.33 0.56 0.91 0.53 -0.46 0.58 1.00 -0.88 0.21 -0.38 0.47 
Fatty-mouth coating (T3) -0.49 -0.39 -0.66 -0.72 -0.55 0.45 -0.49 -0.88 1.00 0.16 0.16 -0.44 
Sour (T) 0.10 0.31 0.05 0.17 -0.09 0.13 0.03 0.21 0.16 1.00 -0.85 0.54 
Metallic (AT) -0.34 -0.63 -0.41 -0.15 -0.28 0.18 -0.30 -0.38 0.16 -0.85 1.00 -0.70 
Soymilk (AT) 0.06 0.29 0.16 0.36 0.47 -0.36 0.44 0.47 -0.44 0.54 -0.70 1.00 
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Figure 5.3 Dendrogram from cluster analysis (average linkage method) of six chocolate 
samples by 12 significant attributes 
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Table 5.7 Factor loadings of the 12 significant attributes on PCs I and II for chocolate samples 
Attributes   PC I PC II 
Glossy (S) -0.178 0.927 
Darkness (S) -0.077 0.952 
Hardness (T1) 0.123 0.902 
Chalky (T2) 0.741 0.182 
Crumbly (T2) 0.931 -0.045 
Smooth (T3) -0.918 0.198 
Grainy (T3) 0.959 -0.102 
Chalky (T3) 0.738 0.518 
Fatty-mouth coating (T3) -0.664 -0.510 
Sour (T) 0.048 0.419 
Metallic (AT) -0.292 -0.646 
Soymilk (AT) 0.556 0.373 
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Figure 5.4 Principal component analysis (PCA) biplot of the covariance matrix of 12 
significant mean sensory attribute ratings across the six chocolate samples 
See Table 5.1 for sample codes. S = appearance of surface; T= taste; T1 = texture at first bite; 
T2 = texture at 5th chew; T3 = texture when dissolving; AT = aftertaste 
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Effects of over-sonication on fatty acid composition and aromatic compounds were explored.  
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6 Chapter 6: Effect of Sonication on Aroma Compounds in Dark Chocolate 
6.1 Abstract  
The effectiveness of ultrasonic processing of dark chocolate in achieving the appropriate 
polymorphic conformation without tempering has been demonstrated. This process resulted 
in formation of the optimal polymorphic form V, achieving similar sensory properties and 
quality characteristics to those of tempered chocolate, offering a potential time/energy saving 
alternative to obtain high quality chocolate without tempering. However, it is well known that 
ultrasound application is not uniform and over-processing is a risk that must be carefully 
considered. Previous research reported off-flavor perceptions in over-processed chocolate (15 
s), described as “metallic”. The objective of this research was to investigate the effects of long 
exposure of ultrasound application on the fatty acid composition and aroma components of 
dark chocolate.  Dark chocolate formulations prepared in our laboratory were conched and 
sonicated. Ultrasonication (20 KHz, 20 s) was applied after conching, followed by molding. 
Samples were compared to chocolate molded directly after conching. Fatty acid methyl esters 
were analyzed by gas chromatography. Aroma of chocolate extracts were analyzed using gas 
chromatography-olfactometry (GCO) and gas chromatography-mass spectrometry (GC-MS).  
There was no significant modification of fatty acid composition as a result of sonication (20 s). 
Forty four odor-active compounds were identified by GCO and intensity of each descriptor was 
compared between non-processed samples and over-sonicated samples. The intensity of over-
processed samples in fourteen odor descriptors, increased; and in six odor descriptors, 
decreased. No differentiated off-flavor was identified by GC-MS. These results indicate that 
there is not a clear indication of one component responsible for off-flavor production. Results 
suggest that the off-flavor could be due to imbalances, where no new compounds occur, but 
the variation on concentration of some compounds affect the total profile of the dark over-
sonicated chocolate. 
6.2 Introduction 
High intensity ultrasonic application to dark chocolate formulation can result in formation of 
the optimal polymorphic form V, achieving similar sensory properties to those of tempered 
chocolate. The QDA panel indicated significant differences in the attributes of sonicated and 
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tempered samples. However, these differences were mainly related to appearance and 
texture. Overall flavor perception of tempered chocolate and sonicated (6 s, 9 s 15 s) did not 
differ significantly (P>0.05). However, off-flavor perceptions were noticed in over-processed 
chocolate (15 s), described as metallic” or a “tingling burning sensation in the back of the 
tongue”. Over-processing is a risk that has to be carefully considered, because it is well known 
that ultrasound application is not uniform and is even less uniform when the medium is a lipid-
based matrix. Thus, issues of over and under-processing should be addressed. As discussed in 
Chapter 3, under-processing resulted in no changes of crystal configuration. Whereas, over-
processing resulted in development of off-flavor and could impact the sensory characteristics 
of sonicated chocolate (Chapter 5). Previous research reported that over-processed samples 
developed metallic notes (Chemat and others 2004; Jahouach-Rabai and others 2008). 
Jahouach-Rabai (2008) revealed that the flavor of olive oils was partly deteriorated by long 
ultrasonic treatment (20 kHz, for 20 min) and developed a metallic and rancid odor due the 
presence of some off-flavor compounds such us hexanal, hept-2-enal, deca-2,4-dienal and 
limonene.  
The objective of this chapter was to determine if ultrasound application caused 
sonodegradation of fatty acid composition and aroma components of dark chocolate.  
6.3 Materials and Methods 
 Materials 6.3.1
Chocolate liquor was obtained from Peters Chocolate (ILA, Springfield, IL); granulated sugar 
(Domino Foods, Inc., Yonkers, NY) was acquired from a local grocery store and soy lecithin 
Topcithin UB was supplied by Cargill Texturing Solutions (Cargill, Decatur, IL). 
6.3.1.1 Chocolate samples 
Dark chocolate was formulated according to Mason and others. (1996) using a SPECTRA 10 
Stone Melangeur (SanthaUSA, Yoncalla, OR). Samples were prepared in duplicate in 800 g 
batches. After addition of emulsifier, samples were divided into three groups and either a) 
molded, b) tempered and molded or c) sonicated and molded (Table 6.1). 
103 
 
6.3.1.1.1 Non-tempered/non-sonicated samples (Control) 
After conching, samples were cooled to 29°C and molded in 25mm x 25mm x 10mm square 
polycarbonate molds (Kerekes, Brooklyn, NY). Molds were tapped to decrease air bubble 
formation. Samples were neither tempered nor sonicated. Chocolates were de-molded and 
immediately stored. 
6.3.1.1.2 Over-sonicated samples 
Ultrasound treatments were conducted using a laboratory scale batch-mode MTS system, 
utilizing a 750 W ultrasonic processor (Sonics and Materials, Inc., Newtown, CT.). All samples 
were processed at 20 kHz with 100% amplitude. A beaker (250 mL) was utilized, containing 
100 g of liquid chocolate (33°C). Temperature of the chocolate was monitored with Digital 
Temperature Controller ETC-111000-000 (Ranco North America, Plain City, OH) and the target 
temperature to begin sonication was 33°C. The ultrasound probe (25 mm dia., 750 W 
generator rating power was submerged into the liquid chocolate to a depth of 15.4 mm from 
the bottom of the vessel. Samples were exposed to ultrasound for 20 s. Ultrasound-treated 
samples were molded at 29°C. 
 Methods 6.3.2
6.3.2.1 Fatty acid analysis gas chromatography  
6.3.2.1.1 Extraction and preparation of samples 
Chocolate was finely chopped and 100 mg aliquots were weighed in screw-cap extraction 
tubes (10 mL). Chocolate was homogenized with 5 mL of hexane containing (50 ppm) teri-
butylated hydroxytoluene (BHT) to avoid oxidation. Homogenates were filtered and 
concentrated under nitrogen gas to 1 mL. 
6.3.2.1.2 Preparation of fatty acid methyl esters (FAMEs) 
FAMEs were prepared by adding 2 mL of anhydrous methanolic 4% (w/v) HCl solution 
(Supelco, Bellefonte, PA) to the chocolate extract and heating at 85°C for 40 min in a heating 
block. After cooling, to extract the FAME, 3 mL of n-hexane were added and the tubes were 
vortexed for 30 s. Hexane extract was transferred to a vial for GC injection. 
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6.3.2.1.3 Analysis of fatty acid methyl esters by gas chromatography 
Fatty acid methyl esters were analyzed using a HP 5890 GC (Hewlett-Packard Company; 
Avondale, PA) coupled with a flame ionizing detector (GC-FID) and DB-225 column (50%-
Cyanopropylphenyl-dimethylpolysiloxane, 10m x 0.25m x 0.1m; J& W Scientific; Folsom, CA). 
The conditions were: initial column temperature 80°C, programmed to increase at a rate of 
6°C min−1 to 180°C and 5 °C min−1 to 220°C. This temperature was maintained for 15 min and 
heated at 10 °C min−1 to final temperature of 230°C. Injector and detector temperatures were 
220°C. Helium was used as the carrier gas (flow rate 1 mL min−1). Chromatograms were 
analyzed using PeakSimple version 3.21 (SRI Instruments; Torrance, CA). Samples were 
injected in triplicate. 
6.3.2.2 Aroma analysis 
6.3.2.2.1 Sample preparation  
Non-tempered/non-sonicated and sonicated chocolate (25 g) was finely sliced and placed in 
Teflon centrifuge bottles and sealed with Teflon caps.  An internal standard mixture (10 µL; 
containing 4-tert-amylphenol, 6-undecanone, 2-methyl-3-heptanone, 2-ethylbutyric acid and 
2,4,6, trimethylpyridine) were added to 125 mL of deodorized water. Sample was 
homogenized with a Polytron® PT 10/35 (Kinematica, Switzerland). Diethyl ether (50 mL) was 
added to each bottle and the mixtures were agitated 5 min on an orbital shaker at 226 rpm 
(VWR Scientific Products, DS-500, Radnor, PA). The mixture was centrifuged (4000 rpm, 10 
min) to separate the solvent phase, which was transferred to a round-bottom flask. This 
protocol was repeated twice, using 30 mL of diethyl ether. The volatile compounds were 
isolated using solvent-assisted flavor evaporation (SAFE) (Engel and others 1999; Lozano and 
others 2007; Watcharananun and others 2009). The extract was fed into the SAFE apparatus at 
a slow rate over 50 min, followed by 1 h of additional SAFE extraction.  Once thawed, 5 g of 
salt was added to the solution. The aroma extract was condensed to 2 mL by distillation using 
a Vigreux column in a water bath at 43°C, dried over sodium sulfate and concentrated to 0.5 
mL using a gentle stream of nitrogen. 
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6.3.2.2.2 Identification of aroma-active compounds  
All aroma extracts were analyzed using gas chromatography-olfactometry (GCO) and gas 
chromatography-mass spectrometry (GC-MS).  
6.3.2.2.2.1. Gas chromatography olfactometry (GCO) 
GCO was performed using 6890 GC (Agilent Technologies, Inc., Santa Clara, CA) coupled with a 
flame ionization detector (FID) and an olfactory detection port (DATU Technology Transfer, 
Geneva, NY). Aroma extract (1 μL) was injected using cool, on-column mode. Separations were 
performed on a polar Stabilwax® column (both 15 m × 0.32 mm i.d. × 0.5 μm df; Restek, 
Bellefonte, PA). Effluent leaving the column was equally split between the olfactory detection 
port and FID by deactivated fused silica tubing (1 m x 0.25 mm i.d.: Restek, Bellefonte, PA). 
Detector temperatures were both set to 240°C. The oven temperature was programmed from 
35° to 225°C at 10°C/min with initial and final hold times of 5 and 15 min, respectively, then to 
230°C with a hold time of 15 min. Helium was the carrier gas at constant flow rate of 9 
mL/min.  
6.3.2.2.2.2. Gas Chromatography mass spectrometry (GC-MS) 
The GC-MS system was composed of a 6890 GC (Agilent Technologies, Inc.) paired with a mass 
selective detector (Hewlett-Packard, Bloomington, IL). Separations were performed using 1 μL 
of extract on both a polar Stabilwax® DA column (30 m x 0.25 mm id x 0.25 μm df; Restek) 
capillary column using cold, splitless mode. Detector temperature was 250°C. Oven 
temperature was programmed from 40°C to 225°C at 4°C/min and held 30 min. Helium was 
the carrier gas at constant flow rate of 1.0 mL/min.  
The retention index (RI) for each compound was calculated using its retention time (RT) 
compared to the RTs from standard n-alkanes (van den Dool and Kratz 1963). Mass spectra 
were compared against those in the NIST2008 mass spectral database, and retention indices 
were compared to literature values in order to create a tentative identity for each compound. 
Aroma-active compounds were tentatively identified based on comparison of their RI values 
on non-polar columns, odor descriptors, and mass. 
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6.4 Results and discussion 
 Ultrasound effects on fatty acid composition 6.4.1
There was no significant modification of fatty acid composition as a result of sonication (20 s) 
(Figure 6.1; P>0.05), since the same components were identified. Therefore, is highly unlikely 
that the source of the off-flavor in over-processed chocolate samples is due to oxidation. Off-
flavor generation in other lipid sources, such as edible oils, treated with ultrasound was 
reportedly caused by oxidation resulting from cavitation, i.e. micro-mechanical shocks, that 
affect structural and functional components up to the point of lipid oxidation and 
deterioration (Manson and others 1998). This phenomenon can cause lipid oxidation through 
two mechanisms, which can act alone or combined. The first is purely thermal, due to high 
temperatures achieved during cavitation, and the second is due to free radicals generated by 
sonolysis. 
 Gas chromatography-olfactometry of non-tempered/non-sonicated samples and over-6.4.2
sonicated samples  
Forty four odor-active compounds were identified by GCO (Table 6.2) and intensity of each 
descriptor was compared between non-processed samples and over-sonicated samples. The 
intensity of 24 odor descriptors differs between samples. The intensity of over-processed 
samples in fourteen odor descriptors, increased; and in six odor descriptors, decreased. These 
results indicate that there is not a clear indication of one differentiated off-flavor production. 
Results also suggest that the off-flavor could be due to imbalances, where no new compounds 
occur, but the variation on concentration of some compounds affect the total profile of the 
chocolate. Counet and others (2002) have reported that there are more than 600 volatiles of 
compounds in chocolate products that could influence its overall flavor perception. The 
introduction of any type of processing encourages chemical reactions that cause degradation 
and formation of aromatics. For example during conching the levels of key aroma compounds 
such as 2-phenyl-5-methyl-2-hexenal, furaneol, and branched pyrazines significantly increased. 
When milk was exposed to US (Stakianakis and Tzia 2013) volatile components were formed, 
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mostly due to the formation of hydrocarbons (benzene, toluene, 1,3-butadiene, 5-methyl-1,3–
cyclopentadiene, aliphatic 1-alkanes and several ketones that affect its sensory characteristics. 
 Gas chromatography-mass spectrophotometry non-tempered/non-sonicated samples 6.4.3
and over-sonicated samples  
Chromatrograms of non-tempered/non-sonicated samples and over-sonicated samples were 
over-layed to identify differentiated off-flavors (Figure 6.2) by calculating relative peak areas 
based on internal standards. No differentiated off-flavor was identified. Unlike Jahouach-Rabai 
and others (2008), the metallic and rancid odor detected after bleaching by ultrasonic waves 
was not due to the formation of 2(Z)-heptenal or small quantities of 2(E),4(E)-decadienal that 
resulted from decomposition of linoleate and octanal. Section 6.4.1 verified that US processing 
did not cause reactions that affected the composition of fatty acids in chocolate mixtures. If 
oxidation would have taken place, the formation of aldehydes such as hexanal would be 
detected in chromatograms and the decrease in C18:2 would be detected in FA analysis.   
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6.5 Conclusions 
Results from QDA (chapter 5) indicated that long periods of US treatment lead to off-flavor 
formation in over-processed chocolate samples (15 s). This off-flavor was not identified during 
this study. A more structured approach for aroma analysis is recommended. However, an 
alternative explanation for the formation of this “metallic” note could be that is a chemical 
feeling factor instead of an aromatic and the sensation of the “metallic” or “tingling burning 
sensation in the back of the tongue” might be caused by a nerve reaction.  
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Table 6.1 Chocolate samples used for aroma analysis  
  Samples  Conching*  Temperingx    Sonication† Molded  Abb 
1 
Non-tempered/non-
sonicated (day 1) 
X 
  
X NT 1 
3 Tempered  X X 
 
X Temp 
6 
Sonicated, 20 s 
(over-processed) X 
 
X X US 20 s 
*Samples were conched (ground to fine particle size) 
xSamples were tempered based upon Tisoncik  (2010)  
†Samples were molded at 29°C in 25×25×10 (mm) square polycarbonate molds 
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Figure 6.1 Fatty acid composition of non-tempered/non-sonicated and sonicated chocolate 
samples  
No significant differences in concentration of fatty acids were found P>0.05 between control 
and sonicated samples.  16:0 palmitic acid; 18:0 stearic acid; 18:1 oleic acid; 18:2 linoleic acid 
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Table 6.2 Aroma-active compounds of non-tempered/non-sonicated and over-sonicated 
chocolate samples 
N
a
 
RI
b
- 
DB-
Wax 
Compound
c
 
Odor 
Description
d
 
Non 
processed
e
 
Over-
processed
f
 
Identification
g
 
1 781 Unknown Dark chocolate vw - - 
2 867 3-methylbutanal Dark chocolate w/m w/m RI 
3 888 Unknown Dark chocolate w/m w/m - 
4 914 Unknown Dark chocolate w/m w/m - 
5 1113 Unknown - - vw - 
6 1140 Unknown Burned plastic - w - 
7 1158 Unknown Leather, plastic ~ w - 
8 1161 Unknown Humid,moldy vw vw - 
9 1268 Unknown fatty/fishy w/m w/m - 
10 1313 ethyl 2-methylpropionate Orange, fruity w w/m RI, GC-MS 
11 1205 1-octen-3-one Mushroom w m RI, GC-MS 
12 1401 dimethyltrisulfide Cabbage m/s s 
 
13 1439 Unknown Potato, Starch m m 
 
14 1453 acetic acid Vinegar s s RI 
15 1480 2- ethyl-3,5-dimethylpyrazine Cooked potato m/s s RI 
16 1518 2.3 diethyl-5-methylpyrazine Potato w w RI 
17 1527 Unknown Humid, hay like w w 
 
18 1559 Unknown Old book m m 
 
19 1587 2-methoxy-3-isopropylpyrazine Nutty m s RI 
20 1615 Unknown Floral m m 
 
21 1655 Isovaleric acid Cheese s m/s RI, GC-MS 
aNumbers refer to those listed in Tables 6.2 bRetention indices determined on  one stationary 
phase (Stabilwax).  dOdor quality determined by GCO. eIntensity of attribute in non-processed 
(non-tempered/non-sonicated) chocolate (0 s). f Intensity of attribute in over-processed 
chocolate (20 s). g Identification criteria: retention index (RI); odor quality (O); mass spectra 
(MS) 
 
  
112 
 
Table 6.2 (cont.)  
N
a
 
RI
b
- 
DB-
Wax 
Compound
c
 
Odor 
Description
d
 
Non 
processed
e
 
Over-
processed
f
 
Identification
g
 
22 1673 Phenylacetaldehyde Rose m/s m/s 
 23 1656 Unknown Stinky Cheese m/s m/s 
 24 1696 Unknown Peanut s s 
 
25 1727 Unknown 
Licorice , 
metallic w w 
 26 1755 Unknown Haylike m m 
 27 1843 Unknown Apple sauce w m 
 28 1895 Unknown Licorice m/s m/w 
 29 1957 Unknown Fruity/green m/s m/s RI, GC-MS 
30 1999 Unknown ? 
 
m 
 
31 2052 
3-hydroxy-2-methylpyran-4-one 
(maltol) Caramel m m RI 
32 2059 
4-hydroxy-2,5-dimethyl-3(2H)-
furanone (furaneol) Cotton Candy s s RI, GC-MS 
33 2074 Unknown Acidic s - 
 34 2113 Unknown 
 
- w 
 35 2116 4-Methylphenol Fecal m m/w RI, GC-MS 
36 2150 Unknown ? - m 
 37 2171 Nonalactone Cherry, peachy m/w - 
 38 2191 Unknown Floral m s 
 39 2235 Unknown Anise s s 
 40 2282 Unknown Sweet m/w m/w 
 41 2384 Unknown ? w w 
 42 2533 3-methylindole Fecal m m RI 
43 2587 Phenylacetic acid Roses vs vs Ri 
44 2612 
3-methoxy-4-
hydroxybenzaldehyde Vanillin m m RI, GC-MS 
aNumbers refer to those listed in Tables 6.2 bRetention indices determined on  one stationary 
phase (Stabilwax).  dOdor quality determined by GCO. eIntensity of attribute in non-processed 
(non-tempered/non-sonicated) chocolate (0 s). f Intensity of attribute in over-processed 
chocolate (20 s). g Identification criteria: retention index (RI); odor quality (O); mass spectra 
(MS) 
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Chapter 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this chapter, conclusions are summarized and future implications on chocolate 
manufacturing are discussed. 
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7 Chapter 7: General Conclusions 
The aim of this work was to understand the impact of using ultrasonic processing as a means 
of producing acceptable chocolate and eliminating tempering. Results indicate that ultrasound 
application has a significant effect on crystallization properties of dark chocolate; under 
optimal conditions this could be utilized to achieve an appropriate polymorphic conformation 
and sensory characteristics.  
The hypothesis formulated based upon preliminary Differential Scanning Calorimetry (DSC) 
results (Chapter 3) stated that ultrasonication leads to the formation of high melting point 
polymorphs (Tm=34°C, polymorph V; Tm=36°C, polymorph VI) and if ultrasound is applied under 
proper conditions (9 s, 1200 mW/mL) the formation of polymorph V is achieved.  An important 
observation made from the DSC results is that formation of high melting point polymorphs is 
strongly dependent upon time of exposure, type of equipment used and volume of chocolate 
during application. 
Quality characteristics of sonicated chocolate were compared to those of traditional tempered 
chocolate using instrumental methods in Chapter 4. Tempered chocolate is mostly in 
polymorphic form V, which is the appropriate polymorphic conformation that defines quality 
properties of chocolate. Quality characteristics of chocolate were assessed by instrumental 
methods including texture analysis, color, melting characteristics, and polymorph 
characterization. Overall, sonicated chocolate (6 s and 9 s) had comparable hardness, 
cohesiveness, gumminess, and chewiness characteristics to tempered chocolate. Temperature 
cycling resulted in decreased visual and textural quality of all chocolates. However, non-
processed chocolate suffered greater changes in overall dimensions due uncontrolled 
melting/recrystallization. Different sonication exposure times resulted in different melting 
profiles, indicating certain timing strategies (6 s and 9 s) were optimal. X-ray diffraction 
patterns confirmed the formation of polymorphic form V.  
Quality characteristics of sonicated chocolate were compared to those of traditional tempered 
chocolate from the sensory point of view using quantitative descriptive analysis in Chapter 5. 
Sonicated samples (6 s and 9 s) were characterized by their higher degree of glossiness, 
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darkness and hardness and sensory profile was similar to tempered chocolate. In contrast, 
crumbly and grainy were attributes that characterized non-tempered/non-sonicated 
chocolate.  These are also indicators of poor quality chocolate. Additionally, an over-processed 
sonicated sample (15 s) was included, and it was associated with metallic aftertaste (studied in 
Chapter 6).   
Negative effects of overexposure of ultrasound application on chemical compound formation 
in chocolate were studied in Chapter 6. The source of “metallic aftertaste” was also studied. 
Sonication did not change (P>0.05) the fatty acid composition of chocolate mixture or the 
aroma profile of chocolate samples. These results led us to believe that the metallic aftertaste 
perceived by panelists described as a “metallic” or tingling burning sensation in the back of the 
tongue” could be a feeling factor caused by a nerve reaction rather than due to aromatic 
components.  
7.1 Future implications for chocolate manufacturing  
Ultrasonic technology has the potential to greatly benefit the chocolate industry because it has 
been applied to the optimization of chocolate quality without the costly tempering processes. 
Ultrasonication could be employed to achieve high quality chocolate and avoid fat bloom.  It 
would also offer a time/energy saving alternative to the current tempering process, thereby 
delivering commercially attractive advantages and outcomes for the chocolate industry.  
Figure 7.1 demonstrates a possible modification of the standard chocolate manufacturing 
process to incorporate ultrasonic technology. If ultrasonic application is implemented, 
chocolate can be molded into bars directly after conching and ultrasound waves could be 
applied to the molds using a single-pass multi-reactor configuration (Sonomechanics 2013) as 
shown in Figure 7.2. The single-pass configuration is commonly used as a part of multistep 
processing and can be adapted by using a conveyor belt to hold the chocolate molds and a set 
of multi-reactors oriented in perpendicular direction to the conveyor belt. This change, 
replaces two unit operations a) molding after conching and b) tempering; which could bring 
several advantages to the chocolate industry such as time and energy savings which could 
translate to total cost savings. Ultrasound technology can be very useful for minimal 
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processing of chocolate, because of the “instantaneous” transfer of acoustic energy.  This 
could result in a reduction of the total manufacturing time, higher throughput and lower 
energy expenses. Future studies should analyze the feasibility of application of this technology 
at industrial scale in chocolate production.  
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Figure 7.1 Proposed modifications to chocolate manufacturing processing 
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Figure 7.2 Multipoint sonication system for chocolate processing 
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Appendix A: Consent Form 
 
INFORMED CONSENT FORM FOR SENSORY EVALUATION PANELISTS TO 
PARTICIPATE IN: 
Descriptive Analysis for Chocolates Study 
 
You are invited to participate in a study involving chocolate sensory evaluation.  The overall 
objective of this study is to develop a lexicon for the chocolates to be tested.  These chocolates 
will be evaluated using a sensory evaluation method known as descriptive analysis.  You will be 
trained to identify, name and classify a range of flavor, taste and texture characteristics of 
these samples.  You will be asked to taste and expectorate the samples, and to rate the 
samples for intensity of each characteristic.  There are minimal risks or discomforts expected 
as a result of your participation.  If you have prior experience of any allergic reactions to 
chocolates, you should not participate in this study.  If you experience allergic reactions any 
time during the study, you should discontinue the study.  The chocolates do not contain nuts.  
There is no direct benefit to you for participating in this study.  You are free to withdraw from 
the study at any time and for any reason.  We also reserve the rights to terminate your 
participation of the study at any time and for any reason.   
The study will be conducted at 376 Bevier Hall (Sensory lab).  You will participate in 3 weeks of 
training sessions (approximately 4 to 5 hours a week) and 1 week of analysis.  Participation of 
this study is voluntary, and you will not be compensated monetarily for your participation.   
 
Your performance and data in this research is confidential.  Responses are coded to be 
anonymous and any publications or presentation of the results of the research will only 
include information about group performance or an anonymous individual. 
 
You are encouraged to ask any questions that you might have about this study whether 
before, during, or after your participation.  However, answers which could influence the 
outcome of the study will be deferred to the end of the experiment.  Questions can be 
addressed to Dr. Nicki Engeseth (217-244-6788, engeseth@illinois.edu).  If you have any 
questions about the rights of research subjects, please feel free to contact the IRB Office (217-
333-2670, irb@illinois.edu). 
 
 
 
I have read and understand the above consent form and voluntarily agree to participate in this 
study.  I have been given a copy of this consent form. 
 
 
 
Signature         Date 
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Appendix B: Questionnaire Completed by Panelists 
Chocolate Panel Questionnaire 
 
Panelist # ________________________ 
 
Personal Info 
Sex 
Male Female 
 
Age 
<20    21-30    31-40    41-50    51-60    >61 
 
Health 
Do you have any of the following? 
Diabetes     Hypoglycemia     Hypertension     Other Medical Problems  
 
Do you have any food allergies?  If so, please list. 
___________________________________________________________________________ 
 
Do you take any medications, which may affect your senses, especially taste and smell? 
___________________________________________________________________________ 
 
Are you currently on a restricted diet?  If so, please explain. 
___________________________________________________________________________ 
 
Eating Habits 
How often do you consume chocolate per week? 
0  1-3  4-6  >7 
 
Which do you prefer? 
Dark Chocolate      Milk Chocolate      White Chocolate      No Preference  
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Appendix C: Panelist Contact Information Sheet – Example 
 
Name E-mail Phone Number Panelist # 
Ex. Jane Smith  jsmith@illinois.edu  (217) 111 -5555 1 
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Appendix D: Chocolate Sensory Panel - Recruitment Email 
Subject: Dark Chocolate Descriptive Sensory Panel 
 
We are recruiting panelists for a trained descriptive sensory panel on dark chocolate. 
To be eligible to participate you must:  
1. be available for 1 hour per day, Mon-Fri for 5 weeks between October 15th and 
November 19th, 2012.  
2. be willing to taste dark chocolate samples.  
3. not be allergic to chocolate.  
 
If you are interested in participating, please contact Eliana Rosales at erosale2@illinois.edu for 
more information.  
This study is voluntary and no monetary compensation will be awarded. 
Thank you in advance for considering participating in this test.  
 
Eliana Rosales  
Ph.D. Student & Graduate Research Assistant  
Dept. Food Science and Human Nutrition  
University of Illinois, Urbana-Champaign  
208 Bevier Hall 
905 South Goodwin Ave.  
Urbana, IL. 61801  
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Appendix E: Chocolate Panel Meeting Schedule 
Day 1. Introductory Session  
 Panel leader will introduce itself as well as allow panelists to become familiar with one 
another.  
 Panelists will be introduced to DA methodology.  
 Chocolate samples will be presented to begin the practice of generation of attributes 
and  
Day 2. Chocolate sample term generation and rising protocol   
 Panelist will determine rinsing protocol.  
 Panelists will analyze three chocolate samples and generate a list of attributes and 
definitions of attributes in each modality (appearance, texture, aroma, aroma-by 
mouth, taste, and aftertaste) as group.  
Day 3. Chocolate sample term generation  
 Panelists will analyze three chocolate samples and generate a list of attributes and 
definitions of attributes in each modality (appearance, aroma, aroma-by mouth, taste, 
and aftertaste) as group.  
 This list will be compared to previous studies.  
Day 4. Continuation of Chocolate sample term generation  
 Panelist will analyze remaining samples and generate a list of attributes in the same 
method as the previous session.  
 The attributes from all samples will be combined and similar attributes combined.  
 Panelists will be asked to provide ideas of possible references for the attributes 
provided.  
Day 5. Term Refinement and Reference Introduction 
 Panelists will review the compiled list of attributes to further refine the list.  
 References indicated form the previous session will be available for comparison to 
samples and analyzed for fit to attributes.  
Day 6. Continuation of References Refinement  
 Further refinement of references will take place. References will be compared to 
attributes described in the samples. Panelist will indicate if the reference matches the 
attribute in both modality and concentration.  
Day 7. Introduction of Scaling Method and Finalizing References  
 Reference selection will be finalized and a list of final terms and references compiled. 
Panelists will then be introduced to the category sacle used in testing and instructed on 
how to rate references.  
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Day 8. Introduction of Scaling Method and Finalizing References  
 Panelists will use category scales to rate the intensity of the references in terms of the 
sample set as a whole. Each reference will be assigned a value on a 0 – 15 point scale 
indicating its intensity compared to the perceived intensity of the attribute in the 
sample set. 
Day 9. Continued Reference Rating and Finalizing Reference Intensity values  
 Panelists will again rate references for each attribute. Ratings will be combined with 
the previous session and averaged to determine final placement of references on the 
category scale.  
Day 10. Group chocolate sample Rating Practice  
 Panelists will be presented rating sheets with finalized attributes and references along 
with a numerical value for the intensity of the references. Panelists will then in group 
discussion, rate each sample for all attributes using the references as an anchor for 
intensity.  
Day 11. Individual Sample Rating Practice  
 Panelists will individually rate  chocolate samples using the assignated attributes and 
references intensity. Panelists will the discuss their ratings to compare how they 
compare to the rest of the panel.  
Day 12. Booth Practice Ratings for Chocolate Samples  
 Panelists will participate in 2 30-minute practice testing sessions to become familiar 
with the booth setting and Compusesnse software. Results from previous ratings will 
be provided to panelists to compare their indivicual performance to the panel as a 
whole.  
Day 13. Booth testing for chocolate Samples  
 Panelists will participate in 30-minute evaluations of all 5 samples and data will be 
collected. 
  
134 
 
Appendix F: Sample Ballot Example 
 
SAMPLE RATING  
Name: ________________  Sample No:  _____________________       Date: 11/28/2012 
 
APPEARANCE 
Look at the sample by opening the cup, place it on the lid and evaluate the following appearance 
attributes. 
Surface 
 
Glossy 
Definition: Smoothness of surface of the sample   
Reference: Chocolate pudding =  15 
Crust of bread =  4   
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Rusty  
Definition: Presence of a pattern of a different color on the surface of sample   
Reference: Dried carrot = 11 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Darkness 
Definition:    
Reference: Chocolate pudding =  8 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Cross sectional 
 
Compacted 
Definition:    
Reference: Cheddar = 14 
                      Wafer =  4   
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
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Darkness 
Definition:    
Reference: Chocolate pudding =  8 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
 
TEXTURE 
Please bite 1/3 of the piece of the sample, once is in your mouth chew it with  molars 5 times. 
Then wait until sample dissolves fully.  
 
1
ST
 initial bite 
Hardness 
Definition:   Force required breaking chocolate in 2 pieces 
Reference: Parmesan cheese = 7.6  
        Cashew = 11.4 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Crumbly 
Definition:   Ability of chocolate of falling apart 
Reference: Wafer = 12  
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
At the 5
th
 chew 
Chalky  
Definition:   Dry powdery mouth feeling 
Reference: Starch powder = 12.5 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Crumbly 
Definition:   Ability of chocolate of falling apart 
Reference: Wafer = 12.3  
         
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
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When dissolving  
Smooth   
Definition:  
Reference: Pudding = 14.3  
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Grainy 
Definition: Perception of uneven particles  
Reference: Starch solution = 9.6 
                          Parmesan = 13 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Chalky 
Definition: Dry powdery mouth feeling   
Reference: Starch solution = 12.6       
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Fatty mouth coating  
Definition:    
Reference: Whipped cream = 12.4 
 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
 
TASTE  
Bitter 
Definition: Taste associated with caffeine 
Reference: Caffeine solution = 10.6 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
Sour 
Definition:  Taste associated with citrus fruits  
Reference: 15mg of cocoa Hershey’s powder = 12 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
Sweet 
Definition: Taste associated with regular sugar 
Reference: Sugar solution =  12 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
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AFTERTASTE  
Wait 10 seconds after expectoration to evaluate for aftertaste  
Bitter 
Definition: Aftertaste associated with caffeine 
Reference: Caffeine solution =  8.2 
 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Sour 
Definition:  Aftertaste associated with citrus fruit 
Reference: Citric acid =  12 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Metallic  
Definition: Aftertaste associated with iron solution    
Reference: 1 mini spoon of iron solution =  10.5    
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
Soymilk   
Definition: Aftertaste associated with soymilk 
Reference: Chocolate soymilk =  9 
 
0 1 2 3 4 5 6 7 8 9  10   11   12   13   14 15  
 
 
 
 
 
